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Self-healing mechanisms, such as microcapsules or hollow-fibers, filled with an asphalt 
rejuvenator present an emerging technology that would enhance an asphalt mixture’s resistance 
to cracking damage caused by vehicular and environmental loading. The objectives of this study 
were to: (a) Evaluate the effects of asphalt rejuvenators on hot-mix asphalt mixtures in order to 
test its effects on the fundamental engineering properties of the mixtures at high and intermediate 
temperatures; (b) Develop a synthesis procedure for production of microcapsules and hollow-
fibers containing an asphalt rejuvenator; (c) Evaluate the self-healing efficiency of double-walled 
microcapsules and hollow-fibers filled with an asphalt rejuvenator, through crack healing and 
stiffness recovery of damaged mixture specimens under two different curing conditions.  
The core material for the self-healing mechanisms was selected by evaluating four different 
asphalt rejuvenator products through a set of laboratory tests to characterize the performance of 
asphalt mixtures against permanent deformation and fatigue cracking.  Afterwards, the evaluated 
self-healing mechanisms were produced by modifying chemical synthesis procedures to develop 
double-walled microcapsules and hollow-fibers containing the selected rejuvenator product as 
core material. Furthermore, a self-healing experiment was designed to evaluate the rejuvenating 
and healing properties of the developed self-healing mechanisms.  
The evaluation of HMA mixtures containing recycled materials showed that the rutting and 
cracking susceptibility increased with the addition of the evaluated asphalt rejuvenators. The 
activation of more binder from the recycled materials with the addition of asphalt rejuvenators 
was observed in the GPC test results as an increased in the asphaltenes-to-maltenes ratio was 
observed. The evaluation of self-healing microcapsules showed that the mixtures containing the 
produced microcapsules had a lower healing efficiency at both environmental curing conditions 
 xiv 
compared to the mixture with Rejuvn8. Also, an opposite relationship between healing recovery 
and stiffness recovery was observed as the mixture containing microcapsules had a better 
stiffness recovery at both environmental curing conditions as the mixture with Rejuvn8. The self-
healing experiment conducted to evaluate the strength recovery of the produced fibers showed an 
enhancement at both room and high-temperature of mixtures prepared with unmodified binder 




CHAPTER 1. INTRODUCTION 
The United States has more than 2.6 million miles of paved roads, of which 93 percent are 
surfaced with asphalt pavement. The persistent requests for asphalt binder resulted in a high 
demand for energy and promoted an increase in the asphalt pavement infrastructure.  Demands 
rose exponentially as the price of asphalt binder increased in recent years. Researchers have 
emerged with innovative concepts to address such problems by using sustainable pavement 
technologies. Some examples of sustainable pavement technologies incorporate recycled 
materials, such as Reclaimed Asphalt Pavement (RAP) and Recycled Asphalt Shingles (RAS) in 
Hot-Mix Asphalt (HMA) mixtures. Another example of sustainable pavement technologies is to 
perform a Warm-Mix Asphalt (WMA) mixture. The benefits of using either type of this 
sustainable pavement technology leads not only to a reduction in the amount of virgin material 
consumption, but also a decrease in negative environmental effects.  
The main problem of incorporating either RAS or RAP into HMA mixtures is that the binder 
from these recycled materials constitutes an aged binder, which means that an asphalt pavement 
with recycled materials would have a higher cracking susceptibility. The reduction in the 
capacity of relaxation is due to the aged binder and the exposure of the pavement to natural 
elements such as traffic and environmental loads. As a result, this origin of cracking in asphalt 
pavements with recycled materials strongly affects the serviceability and quality of the pavement 
[1]. Maintenance is the key to enhancement of pavement performance.  According to the World 
Bank’s Pavement Deterioration Model, the maintenance of a deteriorated asphalt pavement can 
rise up to four times the cost of maintaining a pavement in good condition [2]. 
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Asphalt rejuvenators products have emerged to address the issues related to the aged binder in 
recycled materials. Asphalt rejuvenators may be defined as cationic emulsions containing 
maltenes, which are responsible for the elastic properties of the binder [3]. Asphalt rejuvenators 
are shown to be the only product that can partially restore the properties of aged binder.  This 
remedy is accomplished by softening the oxidized asphalt and restoring the asphalts/maltenes 
ratio [4]. Furthermore, asphalt rejuvenators can extend the life of the pavement by sealing the 
pavement and minimizing future oxidation [5]. The effectiveness of restoring asphalt properties 
relates to the amount of penetration into the asphalt [6].  Previous studies indicate that asphalt 
rejuvenators do not penetrate more than 2 cm, which is insufficient for a product benefit [6].  
Therefore, innovative concepts such as encapsulation methods, used in self-healing mechanisms, 
were studied to serve as rejuvenators [7].  
Self-healing concepts were successful when applied in polymeric materials; hence, the interest in 
using self-healing mechanisms in asphalt concrete has increased in the last years. A promising 
self-healing mechanism for asphalt pavement is the encapsulation of asphalt rejuvenator, since 
that application would allow this particular material to resist the initiation and propagation of 
cracking caused by vehicular and environmental loading. It would also support a more reliable 
and resilient design of asphalt mixture, which is intended to provide a service lifetime of 20 
years or more without delays to the users. The addition of self-healing mechanisms with asphalt 
rejuvenator products would also enhance the use of recycled materials such as RAS by restoring 
the properties of the aged binder. 
1.1 Problem Statement 
Asphalt pavements are the most common types of roadways in the United States, representing 
more than 93 percent of the 2.6 million miles of paved roads. A common problem in asphalt 
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pavement is the oxidation process of the asphalt binder, which yields to the hardening and 
stiffening of the binder, thus decreasing the functional and structural performance of the 
pavement. A useful treatment is the application of asphalt rejuvenators, not only to help 
reconstitute the chemical composition of aged binder, but also to recover the properties of aged 
binder [8]. A deep penetration of rejuvenator products must be accomplished to have the desired 
effect. However, studies show that the penetration extends to no more than 2 cm [6]. Therefore, 
self-healing mechanisms such as microcapsules and hollowed-fibers emerged as an innovative 
idea to design asphalt rejuvenators and to allow these a greater penetration.  However, the 
evaluation and application of this method have not been considered to date. 
1.2 Objectives 
To address the aforementioned problem statement, the objectives of this study are as follows: 
a) Evaluate the effects of asphalt rejuvenators on hot-mix asphalt mixtures in order to test its 
effects in the fundamental engineering properties of the mixtures at high and intermediate 
temperatures; 
b) Develop a synthesis procedure for production of microcapsules and hollow-fibers containing 
an asphalt rejuvenator; 
c) Evaluation of the self-healing efficiency of double-walled microcapsules, through crack 
healing and stiffness recovery of damaged mixture specimens under two different healing 
conditions; 
d) Evaluation of self-healing efficiency of hollow-fibers, through crack healing and stiffness 
recovery of damaged mixture specimens under two different healing conditions. 
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1.3 Scope 
This study will evaluate the effects of asphalt rejuvenators in the performance of hot-mix asphalt 
mixtures at high and intermediate temperatures. Furthermore, a rejuvenator product will be 
chosen to develop a microencapsulation procedure in which double-walled microcapsules would 
contain asphalt rejuvenator as a core material. Also, the same asphalt product would be 
encapsulated in hollow-fibers of sodium-alginate as a second self-healing mechanism alternative 
for asphalt pavements. Additionally, the study will assess the self-healing efficiency of hot-mix 
asphalt mixtures with either double-walled microcapsules or sodium-alginate fibers under 
different healing conditions, using a controlled laboratory set-up.   
1.4 Research Approach 
Proposed research activities will be organized into five phases and twenty-one tasks, as detailed 
in the following section. 
Phase 1: Laboratory Testing of Asphalt Rejuvenators 
Task 1: Hot-Mix Asphalt Mixtures Preparation 
In Task 1, Hot-Mix Asphalt (HMA) mixtures will be prepared by using a polymer-
modified asphalt binder PG 70-22M and aggregates (5/8’’ gravel, ¼’’ gravel, coarse sand 
and fine sand), thus satisfying the mix design for a 12.5 Nominal Maximum Aggregate 
size asphalt mixture. A Recycled Asphalt Shingles (RAS) will be incorporated in selected 
mixtures at 5% by total weight of the mix. Furthermore, four asphalt rejuvenators will be 
added in selected asphalt mixtures at 5% of the total weight of RAS. Table 1.1 describes 
the different HMA mixtures developed for the study.  
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Task 2: Hot-Mix Asphalt Mixtures Performances at Intermediate Temperature 
The evaluation of the prepared HMA mixtures at intermediate temperature will be 
characterized using the Semi-circular Bending (SCB) test. The SCB test will be 
conducted in accordance to AASHTO TP 105.   
Table 0.1. HMA Mixture Description 
Mixture Type RAS Content (%) Rejuvenator Content (%) 
70CO - - 
70PG5P 5% PCWS - 
70PG5SUN 5% PCWS 5% Sunflower Oil 
70PG5REJ8 5% PCWS 5% Rejuvn8 
70PG1252 5% PCWS 5% Cargill1252 
70PG1253 5% PCWS 5% Cargill1253 
 
Task 3: Hot-Mix Asphalt Mixtures Performances at High-Temperature 
The evaluation of the prepared HMA mixtures at high-temperature will be characterized 
using a Loaded Wheel Tracking (LWT) test. The LWT test will be conducted in 
accordance to AASHTO 324. 
Task 4: Dynamic Modulus |E*| Test  
The dynamic modulus test will be conducted in the evaluated mixtures in accordance to 
AASHTO T 342. This test will evaluate the performance of the mixtures against 
permanent deformation and fatigue cracking resistance.  
Phase 2: Evaluation of the Molecular Composition and Rheological Properties of Extracted 
Binders 
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Task 5: Extraction of Binder from HMA Mixtures 
The procedure to extract the asphalt binder from the evaluated HMA mixtures will be 
performed in accordance AASHTO T 164, “Standard Method of Test for Quantitative 
Extraction of Asphalt Binder from Hot Mix Asphalt HMA – Method A.” Afterwards, the 
solution of solvent (trichloroethylene) and asphalt binder obtained from AASHTO T 164 
– Method A will be then distilled to a point where most of the solvent is removed; finally, 
carbon dioxide gas will be introduced to remove all traces of trichloroethylene.  This 
procedure will be conducted in accordance with AASHTO R 59, “Standard Practice for 
Recovery of Asphalt Binder from Solution by Abson Method.”   
Task 6: High-Pressure Gel Permeation Chromatography 
The High-Pressure Gel Permeation Chromatography (HP-GPC) will be conducted to 
determine the molecular weight distribution of asphalt binder. The molecules will be 
divided into high-molecular weight (HMW) and low-molecular weight (LMW) to 
determine the percentage of asphaltene and maltenes in the extracted binders from the 
different evaluated HMA mixtures.  
Task 7: Superpave Performance Grading 
The evaluation of rheological properties of extracted binders will be conducted using 
fundamental rheological tests such as dynamic shear rheometry, rotational viscosity, and 
bending beam rheometer.  The characterization of binders will be conducted using the PG 
grading systems described in AASHTO M 320-09 (Standard Specification for 
Performance-Graded Asphalt Binder) 
Phase 3: Production of Self-Healing Microcapsules Mechanism  
Task 8: Microcapsule Synthesis 
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A green bio-oil product, Rejuvn8, from Sripath Technologies, was selected as the core 
material of the microcapsules. Double-walled microcapsules will be synthesized via in-
situ polymerization, using polyurethane and urea-formaldehyde. Shirzad et al. presented a 
microencapsulation procedure and optimization [9].  
Task 9: Thermal Stability of Microcapsules 
The objective of this task is to evaluate the thermal stability of the microcapsules 
prepared in task 8 to assess their resistance to HMA production processes. A good 
thermal stability is required for the microcapsules to resist the high-temperature in an 
asphalt mix production. The thermal stability will be evaluated by performing a Thermal 
Gravimetric Analysis (TGA) with a rate of 10.00°C/min from room-temperature (i.e. 
25°C) to 600°C for the developed fibers to determine their degradation rate at high-
temperatures. 
Task 10: Characterization of the Developed Microcapsules 
The study will employ a scanning electron microscope (SEM-FEI 186 Quanta 3D FEG 
dual beam SEM/FIB) to evaluate the morphology of the produced microcapsules. 
Microcapsules will be sprinkled on top of a double-sided tape attached to a pin stub 
specimen mount; then, the microcapsules will be sputter-coated with platinum for 4 min 
before imaging the specimens under a secondary electron mode at an accelerated voltage 
of 5 kV.  
Phase 4: Production of Self-Healing Fibers Mechanism  
Task 11: Polymer Fibers Synthesis 
The objective of this task is to successfully develop hollow-fibers containing a 
rejuvenator product. In order to achieve this, a green bio-oil product will be encapsulated 
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in sodium-alginate fibers using a wet-spinning line. The procedure to develop the 
polymer fibers containing a rejuvenator will be modified from a previous study [10]. The 
encapsulating material was selected to be Sodium-alginate, as an agent for a low cost, 
organic, and low environmental impact, and as a self-degrading material. 
Task 12a: Optimization of production parameters to prepare the fibers 
Different fibers samples will be prepared at varying production parameters, which 
include: percentage of emulsifier, percentage of plasticizer, and amount of rejuvenator 
used. The different percentages of emulsifier are expected to affect the stability of the 
solution between the rejuvenator product and the encapsulating material. Furthermore, 
the study will assess the effects of adding a plasticizer into the healing solution to study 
its influence on the thermal stability of the developed fibers. Lastly, different ratios of 
rejuvenator to encapsulating material will be incorporated into the experimental matrix to 
determine its effects on both thermal stability and tensile strength of the fibers. Table 1.2 
summarizes the experimental test factorial for the optimization process. 
Task 12b: Test the thermal Stability and Tensile Strength of the produced fibers 
The objective of this task is to evaluate the thermal stability and tensile strength of the 
fibers prepared according to table 1.2 to assess their resistance to HMA production 
processes. A good thermal stability is required for the fibers to resist the high-temperature 
in an asphalt mix production. The thermal stability will be evaluated by performing a 
Thermal Gravimetric Analysis (TGA) with a rate of 10.00°C/min from room-temperature 
(i.e. 25°C) to 600°C for the developed fibers to determine their degradation rate at high-
temperatures.  
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Tensile strength will be assessed to evaluate the fibers resistance to breakage during the 
mixing process. Based on the literature, the fibers should have an Ultimate Tensile 
Strength (UTS) higher than 12 MPa to resist the typical compaction pressure during an 
asphalt mix production processes [11, 12]. The UTS of the developed fibers will be tested 
in tension using a tensile machine with 50 N load cell and at a cross-head speed of 
0.01mm/s. 
Table 0.2. Test Matrix for Fiber’s Optimization 
Sample ID Rejuvenator to Polymer Ratio Emulsifier Content (%) Plasticizer Content (%) 
Fibers1 1:1.5 30 - 
Fibers2 1:1.5 40 - 
Fibers3 1:1.5 50 - 
Fibers4 1:1.5 30 10 
Fibers5 1:1.5 30 20 
Fibers6 1:1.5 30 30 
Fibers7 1:1.5 30 40 
Fibers8 2:1 30 10 
Fibers9 2:1 30 40 
Fibers 10 3:1 30 10 
Fibers 11 3:1 30 40 
 
Task 13: Characterization of the produced biodegradable fibers 
A scanning electron microscope, a FEI Quanta 3D FEG Dual Beam SEM/FIB, will be 
used in this study to evaluate the size and morphology of the developed fiber with best 
thermal stability and tensile strength from Table 1.2. The fibers will be sprinkled on top 
of a double-sided tape attached to a pin stub specimen mount. The samples will then 
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sputter-coated with platinum for four minutes before imaging them under a secondary 
electron mode at an accelerating voltage of 10 kV. Furthermore, an EDX analysis on the 
surface of the developed fibers will be performed to determine the percentage of each 
chemical element that is present in the sodium-alginate fibers 
Task 14: Determine optimum amount of fibers 
The objective of this task will be to determine the optimum amount of fibers (i.e., % by 
weight of recycled materials) that enhances the performance of asphalt blends with 
recycled materials. Two different tests will be performed in this optimization process: 
Multiple Stress Creep Recovery (MSCR) and SCB test. The test-matrix for task 14 is 
shown in table 1.3.  
The MSCR test will apply creep and recovery periods to measure the percentage recovery 
and non-recoverable creep compliance (Jnr). The MSCR will be performed in accordance 
to AASHTO TP 70, which consists of applying a low stress (0.1 KPa) for 10 
creep/recovery cycles then the stress is increased to 3.2 KPa and repeated for an 
additional 10 cycles. 
The SCB test will evaluate the susceptibility of mixtures in table 1.3 against fatigue 
cracking. The SCB test will be conducted in accordance to AASHTO TP 105.   
Table 0.3. Test-Matrix for Tasks 14 
Mixture Type RAS Fiber Content (%) 
70CO - - 
70PG5P 5% PCWS - 
70PGF1 5% PCWS 1% 
70PGF2 5% PCWS 3% 
70PGF3 5% PCWS 5% 
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Task 15: Characterization of asphalt binders containing fibers 
The objective of this task is to perform a Superpave Performance Grading (PG grading) 
to evaluate the rheological properties of the asphalt blends for the test matrix described in 
Table 1.4. PG grading will be conducted using rheological tests such as dynamic shear 
rheometry, rotational viscosity, and bending beam rheometer.  The characterization of 
binders will be conducted using the PG grading protocol described in AASHTO M 320-
09. 
Task 16: Performance testing of asphalt mixtures containing fibers 
In addition to test asphalt mixtures against fatigue cracking in task 14, asphalt mixtures 
shown in table 1.4 will be subject through a controlled laboratory setup to test the low-
temperature and high-temperature. High-temperature rutting resistance will be 
characterized using a Loaded Wheel Tracking (LWT) test in accordance to AASHTO 
T324. The low-temperature cracking performance of the mixture will be characterized 
using the Thermal Stress Restrained Specimen Tensile Strength (TSRST) test in 
accordance to AASHTO TP 10-93.   
Table 0.4. Test-Matrix for Tasks 15 
Mixture Type RAS Fiber Content (%) RAP 
Mix1 - - - 
Mix2 5% PCWS - - 
Mix3 5% PCWS % Determined by task 14 - 
Mix4 - - 15% 
Mix5  % Determined by task 14 40% 
Mix6 5% PCWS  40% 
Mix7 5% PCWS % Determined by task 14 40% 
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Phase 5: Self-Healing Mixture Testing 
Task 17: Specimen Preparation 
Rectangular specimens with the dimensions of 40mm x 40mm x 160mm will be prepared 
by sawing cylindrical samples produced by a Superpave Gyratory Compactor. Five 
different mixtures will be evaluated to assess the self-healing efficiency from the 
different self-healing mechanisms. All specimens will be prepared to an air voids of 7.0 ± 
0.5%.  Table 1.5 shows the description for each mixture.  
Task 18: Environmental Conditions for Self-Healing  
Specimens for each of the evaluated asphalt mixtures will be exposed to different dry 
temperature conditionings. The purpose is to evaluate the variability in the healing 
efficiency caused by the exposure of different environmental conditions. Six specimens 
will be prepared for each asphalt mixture type shown in Table 1.3, with three to be 
exposed to room-temperature healing conditions and three to be exposed to high-
temperature healing conditions after cracking.   









Fibers Content (%) 
70CO - - - - 
70PG5P 5% PCWS - - - 
70PG5REJ8 5% PCWS 5% Rejuvn8 - - 
MCRej8 5% PCWS - 5% - 
FIBRej8 5% PCWS - - % Determined by task 14 
 
 13 
Task 19: Damaging of the Specimens 
A three-point bending setup will be used to induce cracks at room-temperature in the 
prepared rectangular specimens and without prior conditioning, through a strain-
controlled load applied at a rate of 0.25 mm/min, which allows the test to stop before any 
sudden failure. 
Task 20: Quantification of Self-Healing 
Utilizing an optical light microscope, the study will quantify the healing process of 
cracked specimens as a function of time, by adopting a magnification rate of 12x in order 
to measure the different cracks in the specimens.  Immediately after crack 
characterization, specimens will then be subjected to a 6-day healing period under 
controlled environmental conditions. Specimens will be placed horizontally over a flat 
surface during the healing period. Cracks will be monitored at healing periods of 0, 1, 2, 
3 and 6 days. The study will also perform a digital image analysis to measure the crack 
width over time. The healing efficiency of the specimens at the different healing periods 
will be calculated as follows:  
𝐻𝑒 = (1 −
𝐶𝑤𝑡
𝐶𝑤0
) ∗ 100                                      (1) 
where, 
𝐻𝑒 = Healing efficiency (%); 
𝐶𝑤0 = Initial Crack width, mm; and 
𝐶𝑤𝑡 = Crack width at the time of analysis, mm.  
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Task 21: Stiffness Recovery 
A relationship between undamaged, damaged, and healed stiffness will be evaluated to 
determine the stiffness recovery at the end of the healing period. The three-point bending 
test results will be used to calculate the stiffness for three different conditions. The 
undamaged stiffness will be defined as the slope of the linear equation from the steepest 
part of the load-deformation plot, established from the first three-point bending test 
performed to induce the cracks. The same procedure will be repeated for a second three-
point bending test before healing, in order to calculate the damaged stiffness and to 
increase the severity of the cracks before healing.  Following healing, a third three-point 
bending test will be conducted to estimate the healed stiffness.  
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CHAPTER 2. LITERATURE REVIEW 
2.1 Introduction 
Asphalt is the most used material in pavement application in the United States, as evidenced by 
more than 2.6 million miles of paved roads, of which 93 percent are crafted with asphalt binder. 
Asphalt binder is a liquid or semi-solid substance derived from petroleum. The American Society 
of Testing Materials (ASTM) defines asphalt as a “dark brown to black cementitious material in 
which the predominant constituents are bitumen’s which occur in nature or are obtained in the 
petroleum processing” [1].  
Asphalt binder is primarily used in pavement applications, where it is used as a glue to put 
together aggregate particles to create asphalt concrete. In addition, the versatility of the material 
offers valuable properties to engineers, such as good permeability, as well as a strong bonding 
with aggregates. Furthermore, asphalt binder is classified as thermoplastic and rheological 
material. Asphalt bitumen is considered to be a thermoplastic material because its properties 
change with respect to temperature. At high temperatures, the material may be used as a 
lubricant; on the other hand, the asphalt behaves on a viscoelastic state at low temperatures, 
enabling the asphalt to hold aggregates together. Similarly, asphalt binder properties are affected 
with change of time or frequency of loading. The material presents an elastic behavior during 
high-speed loading, opposed to a viscous behavior during low-speed loading. The changes in 
properties of asphalt binder with respect to temperature and frequency loading allow the material 
to be used not only for paving roads, but also for recreational projects such as a) playgrounds, b) 
bicycle paths, c) running tracks, d) agriculture projects such as barn floors and greenhouse floors, 
and e) industrial sectors such as ports and landfill caps. 
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Characteristics such as smoothness, durability, safety, sustainability, and easy construction make 
the asphalt a commonly used material for paving applications. The vehicle’s fuel economy has a 
positive impact by the smoothness of the asphalt as it provides a lower wear and tear on the 
vehicle. Furthermore, the intended serviceability life of asphalt pavement roads may be obtained 
by performing an adequate design and construction procedure, as well as maintenance and 
rehabilitation treatments. Another advantage of using asphalt material is that asphalt may be 
recycled and is reusable to reduce the environmental impact from the manufacturing process. 
Lastly, there is no delay in opening lanes for travel, since asphalt construction requires no curing 
time.  
Rehabilitation and maintenance techniques are the key toward enhancement of asphalt 
performance, which serves in providing a better opportunity to achieve the intended design life, 
accompanied by less premature failures, together with a lower overall cost in the future. 
According to the World Bank Pavement Deterioration Model, if an asphalt pavement road is left 
to deteriorate, the cost of reinstating a new road may be four times more expensive than the cost 
of maintenance to keep the road in good condition [2]. Further, a Utah Department of 
Transportation (UDOT) study demonstrated that the cost was found to be less in maintaining 
roads that were in good condition than those in poor condition (Zavitski). Another study 
conducted by the National Cooperative Highway Research Program revealed that every dollar 
spent on maintenance at the correct time saves $3 - $4 in future costs [3]. Finally, Figure 2.1 
presents the results from a study conducted by Galehouse, Moulthrop, and Hicks, where results 
show that future rehabilitation cost savings exhibited a strong $6 - $10 for every $1 spent on 





Figure 0.1. Effect of Preventive Maintenance at Life Cycle Cost of the Pavement [4] 
2.2 Asphalt Binder 
Asphalt cement is one of the oldest materials used for engineering purposes. Early civilization 
used asphalt binder extensively for its adhesive and waterproofing properties [5]. The 
commercial types of asphalt cement may be classified as natural and petroleum asphalts. The 
natural asphalt can be found as a hard, friable, black material in rock formation veins, or infused 
in limestone and sandstone formations. Some examples of natural asphalts may be found in the 
Trinidad Lake deposit on the Island of Trinidad, as well as the Bermudez Lake in Venezuela [6]. 
The petroleum asphalt is obtained by refining petroleum crudes. The composition of the crude 
petroleum differs from source to source by variances in the amount of bitumen residual and other 
distillable materials such as gasoline, kerosene, light gas oil and heavy gas oil [7]. Figure 2.2 
shows the variation in the volume percentages of refinery materials in three different locations. 
Crude oils may be classified based on the American Petroleum Institute (API) gravity, which 
presents a relationship in the specific gravity of a material at 60° F [8]. Equation 2.1 shows the 
API relationship.  For reference, the API gravity value for water is 10, and most of the asphalts 





− 131.5                                               (2.1) 
 
 
Figure 0.2. Composition of Crude Oil [9] 
2.2.1 Types of Asphalt Binder 
The asphalt types most commonly used in the paving industry are: asphalt cement, emulsified 
asphalts, and cutback asphalts. Asphalt cement is obtained by the distillation process of crude 
petroleum, using different refining techniques. Some of the refining techniques utilized are the 
Solvent Deasphalthing (SDA), Residuum Oil Supercritical Extraction (ROSE) and Air-blowing. 
The production of Hot Mix Asphalt (HMA) involves the primary application of asphalt cements. 
HMA is produced by liquefying the asphalt cement by means of high temperatures and then 
mixing the cement with both fine and coarse aggregates. Asphalt cement performs as a glue for 
the aggregate particles. The HMA mixture is then compacted and allowed to cool to ambient 
temperatures, where the mixture becomes capable to handle heavy traffic loads.  
Emulsified asphalt or asphalt emulsion is a mixture of asphalt cement, water, and an emulsifier 
agent. An emulsifier agent may be defined as a chemical, soluble in both fat and water, which 
enables the dispersion of fat into water as an emulsion. A colloid mill is required for use in order 
to produce small droplets of asphalt cement suspended in water. Emulsified asphalts are 
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commonly used to apply asphalt cement in a lower application temperature. ASTM specifies two 
types of emulsified asphalts in ASTM D977 and ASTM D2397 for use:  anionic and cationic 
emulsions. An anionic emulsion is an emulsion where the asphalt droplets carry a negative 
charge; whereas in a cationic emulsion, the asphalt droplets carry a positive charge [10] [11]. 
Cutback asphalts are liquid asphalts that are produced by adding a petroleum solvent to reduce 
the viscosity of the asphalt cement. In the same manner as emulsified asphalts, cutback asphalts 
are used in low application temperature environments.  Cutback asphalts are divided in three 
categories, based on the evaporation rate: rapid curing, medium curing, and slow curing.  Rapid 
curing cutback asphalt is commonly used for tack coat and surface treatments. Prime coat and 
patching mixtures are usually performed with either medium curing or slow curing cutback 
asphalts [12].  
2.2.2 Chemical Composition 
The chemical composition of an asphalt binder is divided in asphaltenes and maltenes. 
Asphaltenes may be defined as the chemical component from the asphalt binder that is soluble in 
toluene and it dissipates in n-alkane solvents [13]. Asphaltenes are considered the “bodying” 
component of asphalt cements by playing an important role as the viscosity-builder [14]. The 
fraction part of the binder that is soluble in n-alkane solvents such as pentane and heptane are 
defined as maltenes. The maltenes component of the asphalt binder is divided in nitrogen bases 
as follows: first acidiffins, second acidiffins, and paraffins. The nitrogen bases act as a peptizer 
for asphaltenes [15]. The first acidiffins are components of resinous hydrocarbons, which 
function as a solvent for the peptized asphaltenes [15]. The second acidiffins are unsaturated 
hydrocarbons that are used as the first acidiffins [15]. Lastly, the saturated hydrocarbons or 
paraffins are used as a jelling agent [15]. 
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2.2.3 Binder Oxidation Process 
The oxidation process in the asphalt binder affects its physical and chemical properties by 
making the binder harder and stiffer [16]. The oxidation process allows carbonyl (- C=O) groups 
to be formed, which in turn, increases the polarity of the compounds and causes these to 
associate with other polar compounds [17]. As a result, the association of the carbonyl groups 
with other polar compounds produces less soluble asphaltene materials, which result in asphalt 
hardening [17].  
The reduction in the pavement performance results in the impact of the oxidation process on the 
binder, as the binder becomes stiffer and more brittle [18]. The viscosity and elastic properties of 
the binders are affected, due to the changes in the binder composition that occur during the 
oxidation process [19]. The high elastic stiffness that results from the oxidation process 
subsequently yields to a material that cannot relieve the stress, which results in a material 
displaying a high susceptibility of fatigue and thermal cracking. 
2.3 Asphalt Mixture Performance Tests 
The laboratory mechanistic performance and material characterization tests are conducted to 
evaluate Hot-Mix Asphalt mixtures against distresses such as fatigue cracking, low-temperature 
cracking, rutting, and moisture susceptibility.  
2.3.1 Dynamic Modulus, |E*| 
The Dynamic Modulus test is a triaxial compression test, standardized in 1979 as ASTM D3497, 
“Standard Test Method for Dynamic Modulus of Asphalt Concrete Mixtures” [20]. A uniaxial 
sinusoidal (i.e., harvesine) compressive stress is applied to an unconfined or confined HMA 
cylindrical test specimen, as shown in Figure 2.3. The “complex modulus (E*) is defined as the 
stress to strain relationship under a continuous sinusoidal loading for linear viscoelastic materials 
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[20]. The absolute value of the complex modulus is defined as the dynamic modulus, |E*|. The 
dynamic modulus is mathematically defined as the ratio between the peak dynamic stress (σo) 
and the peak recoverable strain (εo). 
|𝐸 ∗ | =
σo
εo
                                               (2.2) 
A dynamic modulus tests is usually conducted at -10, 4, 20, 38.8 and 54.4°C at loading 
frequencies of 0.1, 0.5, 1.0, 5, 10, 25 Hz at each temperature [21].  
 
Figure 0.3. Stress-Strain Relationship under Sinusoidal Load 
2.3.2 Loaded Wheel Tracking (LWT) Test 
The Loaded Wheel Tracking (LWT) test is performed to evaluate HMA mixtures at high-
temperature to assess the rutting susceptibility due to traffic loading. The LWT test is performed, 
based on the standard AASHTO T324-04, “Standard Method of Test for Hamburg Wheel-
Tracking Testing of Compacted Hot-Mix asphalt (HMA)” [22]. The test consists of submerging 
two HMA cylindrical specimens under hot water with a temperature of 50°C. The specimens are 
subject to a steel wheel weighing 703 N (158 pounds), which repeatedly rolls across its surface. 
The test is complete when the specimens have been subjected either to a maximum of 20,000 
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cycles or attained a 20 mm deformation, whichever is first reached. Upon completion of the test, 
the average rut depth for the tested samples is recorded. Figure 2.4 shows a typical LWT test.  
 
Figure 0.4. Loaded Wheel-Tracking (LWT) Test 
2.3.3 Semi-Circular Bending (SCB) Test 
The Semi-Circular Bending (SCB) test is performed to evaluate HMA mixtures at an 
intermediate-temperature to assess the cracking resistance of an asphalt mixture. The fracture 
resistance of an HMA is evaluated based on the fracture mechanics principles, described by the 
critical strain energy release rate, also called the critical value of J-integral (Jc) [23]. The 
mathematically formula to describe the critical strain energy release rate is the following: 






                                               (2.3) 
Where: 
Jc= critical strain energy release rate (kJ/m2);  
b = sample thickness (mm);  
a = notch depth (mm);   
U = strain energy to failure (N·mm); and  
dU/da = change of strain energy with notch depth 
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Semi-circular specimens with notch depths of 25.4 mm, 31.8 mm, and 38 mm are used to 
determine the critical value of J-integral, using Equation 2.3 by calculating the change of strain 
energy with each notch depth (dU/da). A three-point bending load configuration is utilized to 
apply a monotonical load under a constant cross-head deformation rate of 0.5 mm/min, as shown 
in Figure 2.5. The load and deformation are continuously recorded and the test is performed at a 
temperature of 25°C.  The strain energy to failure (U) is represented by the area under the 
loading portion of the load deflection curves, up to the maximum load measured for each notch 
depth. The average values of U are then plotted versus the different notch depths to compute a 
regression line slope, which gives the value of (dU/da). Finally, the Jc is computed by dividing 
dU/da value by the specimen thickness. 
The semi-circular specimens are compacted in a Superpave Gyratory Compactor (SGC) to an air 
void level of 7 ± 0.5%.  The compacted samples are aged in accordance with AASHTO PP2 by 
placing compacted specimens in a forced draft oven for five days at 85°C [24]. Three specimens 
per notch depth are utilized to control the variation in the critical strain energy release rate values 
(Jc). High Jc values are desirable for fracture-resistant mixtures.   
 
Figure 0.5. Semi-Circular Bending (SCB) Test 
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2.3.4 Thermal Stress Restrained Specimen Tensile Strength (TSRST) Test 
The low-temperature cracking susceptibility of HMA mixtures is evaluated by performing a 
Thermal Stress Restrained Specimen Tensile Strength (TSRST) Test based on the standard 
AASHTO TP 10-93 [25]. The test consists in cooling an HMA specimen at a constant rate while 
being constrained from contraction. The TSRST determines the tensile strength and temperature 
at fracture, which can be used to evaluate the susceptibility of an HMA mixture against low-
temperature cracking. 
The TSRST test uses rectangular specimens with dimensions of 50 ± 5 mm (2.0 ± 0.15 in.) 
square and 250 ± 5 mm (10.0 ± 0.25 in.) in length, which are manufactured by sawing each test 
specimen from a rectangular HMA slab of dimensions 260.8 mm (10.25 inches) wide, by 320.3 
mm (12.5 inches) long, by 50mm (2 inches). The prepared beams are affixed at each end to 
platens of the test machine, and enclosed in an environmental chamber for conditioning.  
Afterwards, a tensile load of 50 ± 5 N (10 ± 1 lbs.) is applied to the HMA beam specimen, and 
the specimen is cooled at the rate of 10.0 ± 1°C per hour until tensile fracture occurs.  The 
thermal contraction along the long axis of the specimen is monitored electronically. A typical 
setup for a TSRST test is shown in Figure 2.6.  




                                               (2.4) 
Where: 
Pult= ultimate tensile load at fracture (pounds); and 
A= average cross-sectional area of beam specimen (mm2) 
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Figure 0.6. Thermal Stress Restrained Specimen Tensile (TSRST) Test 
2.4 Sustainable Pavement Technology 
The demand of asphalt pavement, as the most commonly used pavement surface material 
globally, increases every year; predictions expect a demand in the United States (US) of 28.6 
million tons by 2019 [26]. This expansive call for energy, together with increased resource 
employment in asphalt paving construction, and in tandem with a continual increased price in 
asphalt cement, motivates researchers to seek out innovative, tenable approaches.  
Researchers have investigated the usage of sustainable pavement technologies into the HMA 
mixture process to reduce virgin material consumption as well as negative environmental effects, 
together with the cost of asphalt pavement. Some examples of sustainable pavement technologies 
adopted by the asphalt pavement industry are the use of Recycled Asphalt Pavement (RAP), 
Reclaimed Asphalt Shingles (RAS), and Warm-Mix Asphalt (WMA). 
The use of RAP in the pavement industry started in the 1970s. By the 1980s, the first field trials 
evidenced a very high RAP content [27]. RAP, as a processed asphalt pavement, was removed 
during a resurfacing, rehabilitation, or reconstruction operation. An important characteristic of 
RAP reflects an amount of asphalt binder and aggregates that are presented in the recycled 
material, as shown in Figure 2.3. The Federal Highway Association (FHWA) and the U.S. 
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Environmental Protection Agency estimated that more than 90 million tons of asphalt pavements 
were reclaimed every year, of which more than 80 percent is processed to produce RAP [28]. 
The most common role of the RAP is to provide a substitute for aggregate and virgin binder in 
recycled asphalt paving, yet RAP also may be used as a granular base or sub-base, a stabilized 
base aggregate, or as an embankment/fill material.  
RAS is a material commonly used in the roofing industry, which consists of asphalt binder, 
mineral filler, organic paper felt, and glass fiber matting [29]. An estimated 11 million tons of 
waste shingles are produced every year, which leads to 22 million cubic yards of waste material 
that in the past would be disposed as landfill [30]. Studies have shown that the use of RAS in 
asphalt pavement not only decreases the negative environmental impact of virgin material 
extraction and transportation, but also reduces the need for landfill space. A previous estimate 
predicted that one barrel of asphalt binder could be replaced by one ton of recycled shingles [31]. 
Despite the several advantages of RAS, the aged binder existing in the RAS remains as a main 
challenge toward incorporation into the HMA mixture process. In addition, the aged binder in the 
RAS tends to limit use of the high percentages of RAS in asphalt pavements, which also 
resonates the limited allowance to use RAS in the US. A threshold level of 5% is used in certain 
states of the US where allowed.  Previous studies indicate that utilizing RAS up to 5% by weight 
of the asphalt mixture displays a similar behavior with conventional mixtures [32]. Another 
disadvantage of RAS is the variability and inconsistency of the resources [33].  
For asphalt pavements, WMA is another sustainable technique that can lower the mixing and 
compacting temperature of asphalt mixes. Lowering the mixing and compacting the temperature 
is achieved either by lowering the viscosity of the binder or by increasing the workability of the 
mix [34]. Lowering the mixing temperature can lead to a reduction on plant emissions and fuel 
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cost [35]. Another advantage of lowering the mixing temperature of asphalt mixture is the 
reduction of fumes. Higher percentages of RAP can be incorporated into WMA mixes rather 
than into HMA mixes, due to the aging reduction of the virgin binder during the mixture process, 
thus adding to environmental advantages [36]. An increase in workability is also a benefit of 
using WMA, which leads to a better density in the field [37]. Lowering the viscosity of the 
binder in a WMA is accomplished by using organic additives, chemical additives, and foaming. 
Organic additives lower the viscosity of the binder by incorporating a long chain of 
hydrocarbons in the mix [38]. Chemical additives such as emulsifier agents are utilized to 
improve coating, mixture workability, and compaction [38]. Lastly, water may be added to hot 
asphalt to produce small bubbles in the binder that cause a decrease in viscosity [38]. 
 2.4.1 HMA Performance with Asphalt Pavement Technology  
A previous study evaluated the effect of different percentages of RAP in HMA mixtures, based 
on the complex modulus relationship with the control mixtures [39]. The study concluded that 
there is an increase in the complex modulus of the mixtures containing up to 15% RAP level 
from the control mixtures, although the complex modulus curves of the mixtures with 25% and 
40% RAP were similar to the control mixture for both tension and compression. Researches 
concluded that the unexpected similarity between the high RAP content mixtures and the control 
mixture in the complex modulus was due a combination of gradation, asphalt content, and 
volumetric properties.  
 A similar study was conducted by Shah et al., where researchers reported that the complex 
modulus curve showed no increase in stiffness due to the addition of 15% RAP when compared 
to the control mixture. However, high percentages of RAP (25% and 40%) resulted in an 
increase in the complex modulus curve, compared to the control mixture [40]. 
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A study performed by Li et al. evaluated the effect of RAP percentages and sources on the 
properties of HMA by conducting complex modulus and semi-circular bending (SCB) tests [41].  
Results showed a trend at high temperatures, where the HMA mixtures containing 40% RAP had 
a higher or similar complex modulus compared to mixtures with 20% RAP. However, the HMA 
mixtures containing 20% RAP showed the highest complex modulus at either low temperatures 
or high frequencies. The SCB test results indicated that the HMA mixtures containing 20% RAP 
performed similarly to the control mixtures, which had the highest fracture energies. 
Furthermore, the susceptibility to low-temperature fracture increased on HMA with a 40% RAP.  
The thermal cracking resistance of recycled hot mixtures (RHM) was evaluated in a previous 
study [42]. The thermal resistance was evaluated with laboratory and field mixes by using 
McLeod’s limiting stiffness criteria and the pavement fracture temperature (FT) method. The 
study concluded that the RHM showed a lower resistance to thermal cracking, compared to non-
recycled mixes.  
The rutting, fatigue and low-temperature cracking susceptibilities were evaluated by Gardiner et 
al. [43]. The study evaluated two sources of RAP (Georgia and Minnesota) in an HMA mixture 
containing between 15%-40% RAP. The temperature susceptibility was conducted by 
determining the resilient modulus of the mixtures according to ASTM D4123. An asphalt 
pavement analyzer (APA) loaded wheel tester with 685 kPa at a test temperature of 64° C was 
utilized to evaluate the rutting potential. Lastly, the low-temperature properties were determined 
by the indirect tensile creep test. The results indicated an increase in tensile strength ratio (TSR) 
as the RAP percentage increased. Also, the HMA mixtures containing RAP had a positive 
influence in decreasing the temperature susceptibility, when compared to the control mixture. 
 30 
Finally, the rutting potential was decreased about 20% in mixtures containing RAP, compared to 
the control mixture at 8,000 cycles.   
Widyatmoko evaluated the containment of different percentages of RAP (i.e., 10%, 30% and 
50%) in HMA to determine the varying mechanical resistance properties against fatigue and 
rutting [44]. The study revealed a lower resistance against rutting in the mixtures containing 
RAP, compared to the control mixtures. Also, softer mixes (i.e., a decrease in stiffness) were 
found as the percentage of RAP increased. However, this behavior may be explained, due to the 
high amounts of rejuvenator oil added in the mixtures as the RAP percentage increased. The 
addition of rejuvenator oil influenced the performance of mixtures containing RAP, since these 
performed similarly to the mixtures without RAP. Lastly, the study showed that different 
mixtures with RAP were not affected by moisture damage.  
The fatigue life of mixtures containing RAP was evaluated for NCHRP 9-12, where the study 
revealed that mixtures containing more than 20% RAP had a lower fatigue life than virgin 
mixtures [45]. However, the fatigue life of mixtures with RAP was also evaluated by Shu et al.; 
the results showed an increased fatigue life, based on a failure criterion of 50% reduction in 
stiffness [46]. 
The appropriateness of using up to 5% of RAS in asphalt concrete was evaluated by Maupin 
[47]. The objective of the study was to determine whether the addition of RAS would result in a 
negative performance in the durability of an asphalt pavement. Maupin determined that the 
fatigue life of mixtures containing RAS was similar to conventional mixtures. The rutting depths 
of the mixtures with RAS were determined to be within the guidelines of the Virginia 
Department of Transportation (VDOT). The binder from the evaluated mixtures was recovered, 
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and found to have improvements in the high-temperature grading; the low-temperature grading 
was within state specifications.  
Asphalt Pavements containing 5% Manufactured Waste Shingles (MWS) in the state of Georgia 
were evaluated by Watson et al. [48]. The prepared asphalt mixtures were made with binder AC-
20 and AC-30 and were 5% MWS by weight of binder. The study tested the asphalt mixtures for 
a) gradation, b) AC content, c) maximum specific gravity, d) bulk specific gravity, e) stability 
and flow, f) LWT test, g) viscosity, h) penetration, and i) moisture susceptibility. The 
performance against rutting and fatigue of the evaluated mixtures was determined to be similar to 
the control mixtures. The viscosity of the recovered binder from the mixtures with RAs was 
found to be higher than the one recovered from the control mixtures; thus, a negative effect on 
the performance was not found. Researchers deduced that the increase of viscosity due to RAS 
could be beneficial in reducing rutting susceptibility.  
Sengoz et al. evaluated the stability and the resistance against rutting in mixtures containing RAS 
from 1% to 5% by weight of the binder [49]. Also, the behavior of the variability of the optimum 
asphalt content was evaluated. The study concluded that the addition of RAS in HMA mixture 
could positively affect the Marshal Stability and rutting resistance. Furthermore, the study 
observed that the optimum binder content was reduced by 0.5% in the HMA mixture containing 
1% RAS, thereby increasing the stability values of the mixture.  
The susceptibility to cracking using Indirect Tensile Testing and the resistance to permanent 
deformation using the dynamic creep test and the Asphalt Pavement Analyzer (APA) were 
evaluated in HMA mixtures containing RAS as a possible replacement for a portion of the neat 
asphalt binder and aggregate [50]. The conclusions of the study were: a) the mechanistic 
properties of the mixtures with RAS are comparable to conventional HMA mixtures; b) the 
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binder from RAS causes an increase in the stiffness of the recycled asphalt binder, as well as an 
increase in the performance grade of the recycled asphalt by one grade, causing 5% RAS to be 
sufficient; and c) the rutting susceptibility decreases with the application of RAS in HMA 
mixtures. However, the fatigue resistance and low-temperature cracking resistance can be 
negatively affected by the RAS.  
The State of Missouri has a provision in the standard specifications to allow the addition of RAS 
in any mixture requiring the use of Performance Grade (PG) 64-22 [51]. Missouri allows up to 
7% RAS in HMA mixtures, and the RAS can be either manufactured waste shingles (MWS) or 
post-consumer waste shingles (PWS). One of the first concerns in the usage of RAS was the 
reduction in resistance to fatigue and low-temperature cracking, due to the aged binder in RAS. 
Studies determined that the usage of RAS did not affect negatively the low-temperature grading 
of the binder when an asphalt mixture composed at least 70% of virgin binder of the required 
binder. The low-temperature cracking susceptibility became a concern only when the percentage 
of virgin binder dipped below 70%, based on test results.  
Washington State performed a study to investigate the performance of HMA with and without 
recycled materials, based on the evaluation of field cores from four experimental pavement 
sections constructed in 2009 [52]. The description of each of the four evaluated experimental 
sections may be found in Table 2.1. The performance parameters evaluated in the study consisted 











Air void content 
(%) 
1 15% RAP 5.6 6.5 2.3 
2 3% RAS+15% RAP 5.6 7 3.3 
3 3% RAS+15% RAP 6.4 7 1 
4 15% RAP 5.4 5.9 3.3 
 
The study results show that the PG grading from the recovered binders of the evaluated mixture 
was not affected by the addition of RAS, based on a statistical analysis. However, the binder 
tests indicated a better performance against rutting for mixtures with RAS, based on MSCR test 
results. This behavior was consistent with the HWTD test result. Both binder test and mixture 
testing showed no statistical difference between mixtures with or without RAS against fatigue 
susceptibility. Lastly, the thermal cracking susceptibility resulting from binder tests indicated 
that the addition of RAS adversely affected the performance against thermal cracking, whereas a 
similar performance was observed between mixtures with and without RAS in the mixture 
testing.  
As mentioned before, an advantage of using WMA technologies is to lower the viscosity of the 
binder at lower temperatures. However, the rutting capacity of these technologies is a concern, as 
the binder can show a result of being less stiff than HMA binder. Hurley and Prowell evaluated 
the performance against rutting of several WMA additives [37]. The rutting capacity of the 
evaluated mixtures was determined by an Asphalt pavement analyzer (APA). The results show 
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that the WMA additive Aspha-min had little impact on the rut depth, when compared to the 
control mixture [34]. Another tested WMA additive, Sasobit, was determined to reduce rut 
depths compared to the control HMA mixture [53]. Lastly, a similar result from Sasobit was 
observed with another WMA additive (Evotherm), where rut depth decreased compared to the 
control mixture [54].  
A foaming technology in a WMA was evaluated to determine its effects on rutting resistance 
[55]. The foaming product utilized was Astec Double Barrel Green; an APA was utilized to 
evaluate the rutting susceptibility of the WMA mixtures. The study concluded that the WMA 
mixes were more susceptible to rutting, compared to the control HMA mixture. However, the rut 
depth of the WMA mixture with the foaming technology was still acceptable according to the 
APA test. A similar study evaluated the rutting performance of the same foaming technology in a 
WMA with 15% RAP, where the rut depth was slightly larger than the control HMA; thus it was 
still acceptable for the APA test [56]. 
2.5 Asphalt Rejuvenation 
Despite advantages such as reducing virgin material consumption and decreasing the negative 
environmental effects of using recycled materials, the performance of HMA mixtures containing 
RAP or RAS are affected due to the aged binder existing in those recycled materials. Properties 
of the binder become highly dependent on the aging process during the service life of shingles. A 
binder’s property, which is affected due to the aging and oxidation process, is shown by an 
increase of the asphaltene to maltene ratio [57]. Further, the fatigue and thermal cracking 
resistance of HMA mixtures is negatively affected due to the increase of the asphaltene to 
maltene ratio as the binder becomes stiffer and more brittle [58]. A recommended solution is to 
address the issues related to aging of recycled material with the use of a rejuvenator product. 
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An Asphalt rejuvenator may be defined as a cationic emulsion containing maltenes, purposed to 
soften the aged binder and its flux in order to end the serviceability life of the pavement, thus 
recovering the properties of the oxidized asphalt binder [59]. A rejuvenator product recovered 
the properties of the aged binder by rebuilding the chemical composition of the binder, i.e., 
restoring the asphaltene to maltene ratio [60]. Also, a rejuvenator can penetrate into an asphalt 
pavement to fill voids in the pavement, thus decreasing any further oxidation process, since the 
rate of oxidation depends on the voids in the total mixture (VTM) [61]. Lastly, rejuvenators also 
may be used in a combination of various recycled materials in order to further increase the 
blending of the aged and virgin binders and increase deformation capability, thereby ultimately 
reduce the stiffness of the aged binder. 
Rejuvenator products must satisfy some requirements in order to be eligible for use in 
preservation techniques. First, asphalt rejuvenators should have a minimum ratio between 
Nitrogen Base and Paraffins of 0.5 to assure compatibility and to prevent syneresis [60]. 
Furthermore, a rejuvenator product must satisfy requirements for viscosity (60° C), flash point, 
volatility, compatibility, chemical composition, and specific gravity [62].  
Studies on asphalt rejuvenators have shown that these are the most effective treatment to 
partially restore asphalt properties [63]. However, in order for rejuvenators to restore the aged 
binder, the rejuvenators must penetrate deeply into the asphalt; other than that, rejuvenators 
could cause the surface to become slick, especially in wet weather [61].  
Flux oil, Reclamite, Dutrex, and dust oil were selected as rejuvenating agents.  Each of the oils 
was evaluated to determine the rejuvenating effect on recycled asphalt mixtures and on-
laboratory compacted mixtures with aging [64]. The purpose of the study was to determine 
whether these rejuvenating agents had the capabilities to restore the aged binder properties. The 
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study shows that both Dutrex and dust oil were most effective to soften the aged binder, followed 
by positive results in Reclamite and then flux oil. Also, the study found that both the Marshall 
stability and resilient modulus of the recycled mixtures were reduced, due to the effects of 
asphalt rejuvenators.  
Shen et al. evaluated HMA mixtures containing RAP with either a rejuvenator or a softening 
agent to determine the mixture performance in an indirect tensile strength (ITS) and rutting 
performance with an asphalt pavement analyzer (APA) [60]. A total of 12 Superpave mixtures, 
including 10 recycled and 2 virgin mixtures, evaluated in the study as shown in Table 2.2. The 
selected rejuvenator was a commercial oil product in the United States, where the percentage of 
rejuvenator in the mixtures needed to rejuvenate the RAP binder to PG 64-22 was determined, 
based on results from Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR) 
tests. The results from ITS showed that the mixtures containing RAP and rejuvenator performed 
similarly with the virgin mixtures:  Results were within the requirements. Also, the evaluated 
mixtures were not susceptible to moisture damages, as observed visually with the ITS test. 
Finally, all the rut depths from the different mixtures were less than the 8.0 mm criteria based on 
APA results.  
A study evaluated the ability to recover the properties of aged binder with a soft binder 
containing a low asphaltene content of 2 wt% as a rejuvenator product at various percentages 
shown at three stages: no aging, rolling thin-film oven (RTFO), and RTFO+ pressure aging 
vessel (PAV) by performing DSR and BBR tests [65]. Furthermore, the effect of the rejuvenator 
agent was evaluated in HMA mixture by evaluating the rutting and low-temperature cracking 
performance. The binder test results showed an increase in performance of the threatened aged 
binder, using a rejuvenator agent against fatigue and shrinkage. On the other hand, the 
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performance against rutting decreased. Similar behavior was observed during the mixture testing, 
where the rutting performance of the mixtures with rejuvenator was not as good as the virgin 
mixtures, whereas the fracture properties were improved by the addition of the rejuvenator 
product. Lastly, the thermal stress restrained specimen test (TSRST) showed a decrease in 
strength on the mixture with a rejuvenator, compared to virgin mixtures. Researchers explained 
this outcome was due to a repeated cooling and heating of cycles that served to decrease the 
elasticity of the samples. 
Table 0.2. Superpave Mixtures [60] 
Mixture Code Binder RAP (%) 
CV0 PG 64-22 0 
CV15 PG 52-28 15 
CR15 Rejuvenator, PG 64-22 15 
CV38 PG 52-28 38 
CR38 Rejuvenator, PG 64-22 38 
CR48 Rejuvenator, PG 64-22 48 
LV0 PG 64-22 0 
LV15 PG 52-28 15 
LR15 Rejuvenator, PG 64-22 15 
LV30 PG 52-28 30 
LR30 Rejuvenator, PG 64-22 30 
 
2.6 Self-Healing Technology in Asphalt Pavement 
Asphalt binder can be defined as a self-healing material, which means the asphalt binder has a 
built-in ability to partially repair damage occurring during service life [66]. The binder’s 
properties, such as stiffness and strength, degrade over time due to an exposure to load and to 
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micro-cracking. In the 1960s, researchers observed for the first time that the capacity of the 
asphalt binder demonstrated the ability to recover stiffness and strength under a fatigue test with 
rest periods [67].  
The concept of self-healing systems was incorporated to man-made materials by White, when he 
introduced the microencapsulation self-healing systems into an epoxy matrix [68]. The principle 
in testing the healing of a material is to incorporate healing periods between two loadings. 
Furthermore, the healing efficiency can be characterized by comparing the response of the 
material with and without healing periods. The most common types of test methods used to 
evaluate the healing of a material are: 
1. Fatigue related healing test 
• Fatigue related healing with intermittent loading: This is when an intermittent 
load, followed by a rest period, is applied to a specimen. 
• Fatigue related healing with storage periods: The specimen is subjected to 
continuous load repetitions for certain time. Afterwards, the load is suspended, 
applying a storage period where the specimen is kept under given conditions 
without loading.  
2. Fracture related healing test: Two fracture tests are performed on a specimen with a 
healing period between them.  
The concept of developing self-healing mechanisms mimics the healing capacity of the skin to 
recover after an injury.  Injured skins and tissues may be self-healed, owing to the presence of 
nutrient supplies in the body that substitute the damaged cells.  Hence, researchers have 
developed novel self-healing mechanisms for composite structures by pursuing this biological 
principle. A list of innovative self-healing mechanisms can be observed in Table 2.3.  
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Systems Biomimetic self-healing or repair strategy 
Bleeding Capsules Liquid 
based 
Action of bleeding from a storage medium 
housed within the structure, 2-phase 
polymeric cure process rather than enzyme 
“waterfall” reaction 
Bleeding Hollow Fibers Liquid 
based 
Action of bleeding from a storage medium 
housed within the structure, 2-phase 
polymeric cure process rather than enzyme 
“waterfall” reaction 
Blood flow Hollow Fibers Liquid 
based 
2D or 3D network would permit the gealing 
agent to be replenished and renewed during 
the life of structure 
Blood 
clotting 
Healing resin Liquid 
based 
Synthetic self-healing resin systems designed 
to clot locally to the damage site. Remote 
from the damage site clotting is inhibited and 







Bio-inspired healing requiring external 
intervention to initiate repair 
Blood cells Nano-particle Solid 
based 
Artificial cells that deposit nano-particles 
into regions of damage 
Skeleton/bone 
healing 
Reinforcing fibers Solid 
based 
Deposition, resorption, and remodeling of 
fractured reinforcing fibers 
 
The self-healing mechanisms currently investigated for asphalt applications are the application of 
nanoparticles such as nanoclay and nanorubber, induction heating, and asphalt rejuvenation. A 
discussion for each mechanism may be reviewed in Section 2.6.1-2.6.3.  
2.6.1 Nanoparticles in Asphalt Pavement 
Nanotechnology may be defined as the creation of new materials, devices, and systems at the 
molecular level, to induce desirable improvements into macroscopic material properties [70]. 
The general idea for asphalt pavement application is to enhance the binder properties using 
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nanotechnology to increase the performance of the pavement against distresses such as rutting or 
cracking.  
The study evaluated the addition in asphalt binder of two types of nanoclay materials, Nanofil-15 
and Cloiste-15A [71]. The conclusion from the study was that an addition of both types of 
nanoclay has the potential to increase the stiffness (better rutting performance), decrease the 
phase angle, and reduce the aging characteristics of the asphalt binder.  
Xiao et al. conducted a study to evaluate the effects of short-term aging on the rheological 
properties of several asphalt binders containing various percentages of carbon nanoparticles [72]. 
Different percentages of nanoparticles by weight of the virgin binder (i.e. 0.5%, 1% and 1.5%) 
were mixed with five asphalt binders. The study concluded that an addition of nanoparticles 
results in an increase in the failure temperature of all binders and contributed to an improvement 
in rutting resistance. In addition, the study determined that the viscosity and the elastic modulus 
values increased as the percentage of nanoparticles increased. 
Most of the nanotechnology applications in asphalt pavement are accomplished by adding 
nanoparticles directly to polymer-modified asphalt. Thus, Wang et al. performed a study to 
evaluate an overlay for asphalt pavement made of nanoparticles [73]. The overlay was a solar 
heat reflective coating developed to lower the surface temperature of asphalt pavements. The 
goal was to lower the asphalt temperature as an effective method to decrease rutting on asphalt 
pavement. Four different coating layers were prepared by epoxy or acrylic filled with TiO2 or 
TiNO2 nanoparticles. The study concluded that there was a drop in the pavement temperature of 
12.9°C in the TiO2/acrylic overlay. Also, the good dispersion of TiNO2 nanoparticles resulted in 
a efficient alternative to lower the surface temperature. Lastly, the study suggested a 
TiO2/acrylic as a potential reflective coating layer.  
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2.6.2 Induction Heating in Asphalt Pavement 
As previously discussed, asphalt is a self-healing material that can partially restore its strength 
and stiffness during rest periods. However, the self-healing recovery rate at ambient temperature 
is very slow; frequently, traffic cannot be blocked to allow rest periods. Therefore, the concept of 
induction heating emerged as an asphalt application to enhance the self-healing capacity and 
speed of asphalt concrete by increasing its temperature. Studies have shown that the self-healing 
efficiency of the asphalt concrete is temperature dependent. The self-healing efficiency increases 
as the pavement is subjected to high temperatures during the rest period [74]. Furthermore, 
studies have shown that increasing the healing temperature reduces the total recovery time [75].  
Induction heating for asphalt pavement application consists of adding steel wool to the asphalt to 
make it conductive and suitable for induction heating [76]. Figure 2.7 shows a schematic of 
induction healing in asphalt concrete. The temperature of the asphalt binder may be increased by 
induction heating to reduce the viscosity of the binder in order to start and accelerate the healing 
process when small cracks occur in the pavement [77].  
 
Figure 0.7. Schematic for Induction Heating in Asphalt Concrete [78] 
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Liu et al. conducted a study to evaluate the induction healing effect of porous asphalt by means 
of a point bending test and to determine the optimal heating temperature and the starting point of 
induction heating [78]. The study consisted of damaging rectangular porous asphalt beams by 
fatigue, then heating the samples via induction energy, followed by a final test in fatigue to 
quantify the healing. The healing quantification was measured, because the fatigue life extension 
ratio of fatigue damages beams after induction heating. The stiffness before and after the 
induction heating was also measured as a numerical measurement of the samples’ healing 
efficiency. The study concluded that an increase in the fatigue life extension ratio was observed 
as an outcome, due to the induction heating of the samples. Also, the study determined the 
optimum temperature to be 85°C for the best healing effects, since higher temperatures can cause 
swelling and binder drainage problems. Furthermore, the stiffness recovery from the samples 
with induction healing was higher than the control samples. Lastly, researchers concluded that 
the fatigue life of porous asphalt can be significantly extended by multiple induction heating.  
An investigation evaluated the efficiency of different conductive additives in the induction 
heating speed, healing potential of asphalt mastic samples, and the effect of each conductive 
additive in the mechanical properties [79]. The evaluated conductive additives consisted of type 
00 steel wool, steel fibers, and steel slag. The experimental procedure consisted of fracturing the 
asphalt mastic samples at -20°C with a three-point bending test, followed by heating the samples 
to 85°C to induct healing to promote the self-healing ability of the binder. A second, three-point 
bending test was performed on the healed beams. The healing efficiency was determined, based 
on the recovered bending strength of the fractured sample and induced by induction heating. A 
conclusion from the study was that steel wool and steel fibers were successful in promoting the 
increase of induction heating speed, as opposed to steel slag. Also, the bending strength of 
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samples with steel wool and steel fibers was increased, in contrast to the results for steel slag 
samples. Lastly, it was observed that the bending strength of fractured samples with steel wool 
and steel fibers had recovered to the strength value of the control samples, due to induction 
heating. 
2.6.3 Rejuvenation 
As previously discussed in Section 2.5, the efficiency of asphalt rejuvenators to partially restore 
the asphalt properties of aged binder depends on the depth of penetration into the asphalt [61].  
Previous studies have shown that asphalt rejuvenators penetrate no more than 2 cm, which is 
insufficient for applying the benefits of the product [80]. Therefore, researchers adapted 
innovative methods to incorporate asphalt rejuvenators into asphalt. Methods such as 
encapsulation of rejuvenators in microcapsules and fibers are discussed in the following sections. 
2.5.3.1 Microencapsulation of Asphalt Rejuvenators. Microencapsulation may be defined as the 
process to encapsulate a solid, liquid, or gas as a core material, surrounded by a coating 
layer or shell [81]. The microencapsulation technique has been evaluated in numerous 
construction materials including mortar, lime, cement, concrete, marble, sealant, and 
paints [82].  
The concept of microencapsulation is to protect the core material from external elements such as 
environmental conditions, or to control a release of the core material by controlling the 
permeability of the shell material. For asphalt applications, the use of self-healing microcapsules 
containing a rejuvenator is promising, as it will allow the material to resist the initiation and 
propagation of cracking caused by vehicular and environmental loading. When cracking occurs 
due to the aging process of the binder, the shell of microcapsules containing rejuvenator will 
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rupture. At that point, the rejuvenator flows through the binder, which consequently results in a 
reversal of the aging process.  
Sharareh et al. conducted a study to evaluate the effect of rejuvenator agents in the binder 
properties, to develop a microencapsulation process and to characterize the developed 
microcapsules [83]. The effects of the rejuvenator products were assessed by blending them with 
virgin binder and with aged binder from RAP. The dosage rate for both rejuvenators was 5% by 
weight of the binder. The effective performance of the rejuvenators was tested by conducting a 
PG grading from the different blends. The PG grading showed that sunflower oil was effective in 
reversing the aging of asphalt binder, together with a positive influence on both high and low 
temperature grades of the blend.  
Researchers conducted a microencapsulation process for sunflower oil, based on the positive 
results in the PG grading. The microencapsulation process was synthesized via in situ 
polymerization, using polyurethane and urea-formaldehyde, which resulted in double-walled 
microcapsules. An optimization process for sunflower oil microcapsules was performed by 
varying product parameters, such as agitation rate, heating temperature, and reaction time. Table 
2.4 shows the experimental test matrix for the optimization process. The developed, double-
walled microcapsules containing sunflower oil are shown in Figure 2.8.   
A rejuvenator product, PennzSuppress, was successfully encapsulated via in situ polymerization 
using Methanol-Melamine-Formaldehyde, which results in single-walled microcapsules [84]. 
The microencapsulation process was synthesized through a double polymerization process to 
enhance rigidity and toughness of shell. Furthermore, the selected material has been shown to 
increase the thermal stability and mechanical properties of microcapsules.  Figure 2.9 shows the 
SEM pictures of developed microcapsules of the discussed study.  
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Table 0.4. Experimental Test Matrix for Microcapsule Preparation Variable [83] 
Agitation rate (rpm) Temperature (°C) Reaction time (h) 
1,000 55 3 
1,000 55 4 
1,000 55 5 
1,000 50 4 
1,000 60 4 
500 55 4 
2,000 55 4 
 
 
Figure 0.8. SEM Pictures of Microcapsules Containing Sunflower Oil [83] 
The multi-self-healing behavior of bitumen using microcapsules containing a rejuvenator was 
evaluated in a previous study [85]. Figure 2.10 shows the overall self-healing process of 
microcapsules/bitumen. The study conducted a beam, applying the elastic foundation (BOEF) 
method to investigate the cracking and healing behaviors of bitumen. The tested samples 
consisted in bitumen samples containing 2% microcapsules by weight of binder. The BOEF test 
consists of loading-unloading-loading cycles in order to prove the multi-recovery of the 
mechanical properties of the binder. A total of four healing cycles were performed under two 
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different healing temperatures: 0°C and 25°C. Figure 2.11 shows the load-strain curves of the 
BOEF for both healing temperatures. The study concluded that the multi-self-healing ability of 
the binder can only repair the damage to the bitumen during service life. In addition, research 
established that the healing temperature and healing time has a great effect on the healing ability. 
 
Figure 0.9. SEM Pictures of Single-Walled Microcapsules [84] 
 
Figure 0.10. Self-Healing Process of Microcapsules/Bitumen: (a) Micro-Crack Generation, (b) 
Microcapsules Broken, (c) Capillarity and the Diffusion Behaviors of Rejuvenator, and (d) 




Figure 0.11. Load-Strain Curves for BOEF Test at (a) 0°C and (b) 25°C; Self-Healing Cycles: ➀ 
First Cycle, ➁ Second Cycle, ➂ Third Cycle, ➃ Aged Bitumen, and ➄ Fourth Cycle [85] 
2.5.3.2 Compartment fibers with asphalt rejuvenators. Another approach to solve the poor 
penetration of asphalt rejuvenators is to develop hollow fibers containing a rejuvenator 
and then to embed the fibers throughout the asphalt matrix. The concept emerged to 
produce fibers instead of microcapsules in order to avoid any non-desirable effects, such 
as reduction in the stiffness of the binder, which could lead to an increase in rutting 
susceptibility, as shown in a previous study [86]. The reduction of the stiffness may be 
due to the addition of sand-like particles (microcapsules).  Well documented studies 
noted that deformation in the asphalt mix is caused by sand granulates [87]. Another 
motivation for the production of fibers is to avoid some chemical compounds, such as 
melamine-formaldehyde (i.e., shell material for microcapsules), that could be an 
environmental threat in large quantities. 
The encapsulation of rejuvenator in alginate-based compartmented fibers was explored as a 
solution to the poor penetration of asphalt rejuvenators and to the environmental threats 
produced by some chemical compounds in a microencapsulation process [88]. For an objective, 
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the study investigated the applicability of compartmented alginate fibers containing rejuvenator 
as a healing agent delivery, as well as a healing triggering mechanism for asphalt pavements. 
The study prepared samples of asphalt mastic mix with and without fibers, which then were 
subjected to a multiple three-point-bending (3PB) loading and healing events. Also, the study 
evaluated the thermal resistance and the tensile strength of the prepared fibers containing a 
rejuvenator product. Figure 2.12 shows an image of a compartmented alginate fiber 
encapsulating rejuvenator, captured by optical microscope. 
 
Figure 0.12. Compartment Fiber with a Rejuvenator Product by Optical Microscope [88] 
A test of the thermal stability of sodium-alginate fibers containing a rejuvenator used the 
NETZSCH STA 449 F3 Jupiter TGA system, at a scanning rate of 6.5 °C min−1 in argon gas 
(Ar) at flow of 50 ml min−1. The TGA results are shown in Figure 2.9. Figure 2.13 indicates that 
in principle, the developed fibers can resist the high-temperature from the asphalt mixing 
process, due to the fact that only 9% of weight loss was observed at a temperature of 160°C, 




Figure 0.13. Thermogravimetric Analysis of Sodium-Alginate Fibers Containing a Rejuvenator 
Product [88] 
 
The uniaxial tensile strength (UTS) of the fibers was tested using a micro-tensile testing machine 
with 50N load cell, at a cross-head speed of 0.01mms−1.  The fiber strain was measured from the 
machine cross-head displacement, taking into account the system compliance. The UTS results 
can be observed from Figure 2.14. Figure 2.14 shows that the UTS of the fibers is 30MPa and 
Young’s modulus (E) is 0.64GPa. 
 
Figure 0.14. Uniaxial Tensile Strength of Sodium-Alginate Fibers Containing a Rejuvenator 
Product [88] 
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The study conducted an evaluation of the healing capacity of the fibers by means of a three-
point-bending (3PB) test in accordance with ASTM E 1820. The specimens were rectangular 
asphalt mastic mixes with dimensions of length = 120 mm, width = 25 mm, and thickness = 20 
mm.  The 3PB tests were conducted on an Instron 8872 10 kN uniaxial testing frame. The tests 
were conducted at test rate of 0.1 mm s−1. Table 2.5 shows the testing program utilized for the 
evaluated study. The researchers explained that the different bending temperatures were to allow 
micro-crack formations at test temperature 1 and a large crack formation for test temperature 2. 
Furthermore, the rationale for having a longer healing stage for test 2, compared to test 1, was 
based on the size of the developed cracks.  
Table 0.5. Healing Programme for Test 1 and Test 2 [88] 
Healing State Test 1-bending temperature 20°C Test 2-bending temperature   -5°C 
1 30 min after first bending 3 h after first bending 
2 1 h after second bending 12 h after second bending 
3 3 h after third bending - 
 
The results from the 3PB show that the asphalt mastic mixtures containing fibers outperformed 
the control mixture at both testing temperatures (i.e., 20°C and -5°C). Figure 2.15a shows the 
strength recovery of the specimens, containing fibers at 20°C. Thus, the study observed a better 
strength recovery on specimens without fibers at 20°C, as observed in Figure 2.15b. However, 
researchers observed that the samples containing fibers showed a better stiffness recovery than 
control specimens, which means that the specimens with fibers are less prone to rutting. The 
results for test 2 showed a better healing efficiency for samples containing fibers than the control 
mixtures, but the healing efficiencies are very low for both specimens, as shown in Figure 2.16.  
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Figure 0.15. 3PB Results: Load vs Deflection Plots for Asphalt Mastic Mixtures at 20°C a) with 
Fibers, and B) without Fibers [88] 
 
 
Figure 0.16. 3PB Results: Load vs Deflection Plots for Asphalt Mastic Mixtures at -5°C a) with 
Fibers, and B) without Fibers [88] 
 
2.7 Microcapsules Synthesis 
As previously defined, microencapsulation is the process to encapsulate a solid, liquid, or gas as 
a core material, surrounded by a coating layer or shell [81]. The microencapsulation concept has 
been successfully utilized in construction materials such as mortar, lime, cement, concrete, 
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marble, sealant, and paints [82]. Furthermore, many industries such as food, chemical, textile and 
pharmaceutical industries have implemented the microencapsulation process.  
Microcapsules have a spherical or regular shape, which can be divided into two parts: core and 
shell. The core material or intrinsic part contains the active ingredient. For asphalt applications, 
an asphalt rejuvenator will act as core material. The shell or extrinsic part is the responsible to 
protect the core material permanently or temporarily from external factors [89]. A schematic of a 
microcapsules is shown in figure 2.17. A solution, dispersion or emulsion is commonly used for 
the core material, which can be either solid, liquid or gas. An important criterion to enhance the 
efficiency of microencapsulation is to select a shell material compatible with the core material 
[89].  
 
Figure 0.17. Schematic of Microcapsule [89] 
Microcapsules can be classified based on their morphologies as mononuclear, polynuclear and 
matrix as shown in figure 2.18. Mononuclear microcapsules are those capsules containing only 
one core surrounded by the shell material. Polynuclear microcapsules have many cores enclosed 
in the same shell. In addition, a matrix microcapsule is formed when the core material is 
distributed homogeneously into the shell material [89].  
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Figure 0.18. Morphology of Microcapsules [89] 
The various microencapsulation procedures can be divided into chemical, physiochemical, and 
physical processes. Some examples of chemical procedures are the interfacial and in-situ 
polymerization methods. Physiochemical procedures include coacervation and complex 
coacervation. Lastly, the physical procedures include the co-extrusion and spray-drying. The 
selection of the of microencapsulation procedure depends in the type of core material and 
physical properties of the microcapsules. Also, the shell material, the morphology and the 
particle size will influence the selection of the microencapsulation procedure [89]. Table 2.6 
provides an overview of the size of microcapsules developed by the different techniques 
available.  
2.7.1 In-situ Polymerization 
In-situ polymerization is a chemical microencapsulation procedure, which is very developed and 
commercialized in many industries [90]. In this technique the reactants, either monomers or 
oligomer, are in a single phase. Also, the polymerization process occurs mostly in the continuous 
phase, but it is possible to have the polymerization in the dispersed phased as occurs in an in-situ 
water-in-oil microencapsulation [91]. The advantages of this technique are: (1) inexpensive, (2) 
easy and controllable process, (3) highly cross-linked impermeable wall with high thermal and 
mechanical properties, (4) high encapsulation efficiency and (5) easy for the industry to scale-up 
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the production [90, 92, 93]. The typical wall materials for this technique are aminoplast resins 
such as melamine-formaldehyde, urea-formaldehyde, urea-melamine-formaldehyde and 
resorcinol-modified-melamine-formaldehyde [90].  
Table 0.6. Ranges of Microcapsule’s Size with Different Microencapsulation Procedure [89] 
Microencapsulation Procedure Particle size (μm) 
Extrusion 250-2500 
Spray-drying 5-5000 
Fluid bed coating 20-1500 
Rotating disk 5-1500 
Coacervation 2-1200 
Solvent evaporation 0.5-1000 
Phase separation 0.5-1000 
In-situ polymerization 0.5-1000 
Interfacial polymerization 0.5-1000 
Mini-emulsion 0.1-0.5 
Sol-gel encapsulation 2-20 
Layer-by-layer assembly 0.02-20 
 
The microencapsulation procedure may differ from different core and shell materials [93]. But in 
general, the following procedure in utilized for an oil-in water emulsion microencapsulation 
procedure:  
1. Prepare a stable oil-in-water solution containing the reactants (i.e. melamine-
formaldehyde or urea-formaldehyde resin prepolymer)  
2. Polymerize from the water phase and deposit monomer/oligomer on the oil phase 
3. Build wall thickness and cure 
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Some of the factors that influence the in-situ polymerization technique are: 
1. Type of emulsifier agent: the emulsifier agent can affect the microencapsulation 
preparation, mean particle size, and particle size distribution [94]. 
2. pH value: the pH value does not only affect the polycondensation rate, but also the 
surface activity of the resin prepolymer [95]. 
3. Salt: the presence of salts such as KCL, Na2SO4 and KH2PO4 can help to reduce the 
viscosity of solutions and to achieve a higher solid content microcapsules with increased 
wall impermeability [96, 97]. Other salts such as NaCl can increase the encapsulation 
efficiency and have a positive impact in surface’s morphology [98].  
4. Temperature and stirring: increasing the stirring rates result in a reduce in the diameter 
size of microcapsules and a narrow size distribution. Also, the amount of core material in 
the microcapsules decreases as the stirring rate increases since the core weight fraction in 
the microcapsule reduced for smaller microcapsules [99]. Furthermore, the combination 
of low temperature and high stirring rates result in a decrease in the encapsulation yield 
rate [100].  
5. Formaldehyde scavenger: the amount of formaldehyde added in the process must not 
affect negatively the polymerization process. The use of formaldehyde in this particular 
technique can be considered as a disadvantage as the use of this chemical is regulated for 
environmental and health considerations [93].  Figure 2.19 shows a schematic of an in-
situ polymerization process using melamine resin. 
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Figure 0.19. Schematic Representation of a Melamine Resin Microencapsulation Process [101] 
2.7.2 Interfacial Polymerization 
Interfacial polymerization is a technique consisting in the dispersion of one phase containing a 
reactive monomer, into a second immiscible phase to which is added a second monomer. Both 
monomers react at the interface forming a polymeric membrane [102]. An example of interfacial 
polymerization is when a monomer such as diamine is dissolved in water and the aqueous phase 
is dispersed in the oil phase. Then, a second monomer, for example diacid chloride, is added and 
reacts with the first monomer at the interface forming the wall material [103]. Some advantages 
of this technique are the follows: (1) simple and reliable, (2) direct control on microcapsule’s 
size and shell’s thickness, (3) high active loading and tunable delivery process, (4) stable 
mechanical and chemical properties of the shell, (5) impermeable microcapsules, (6) low-cost 
and (7) easy to scale-up [102]. They shell formed during an interfacial polymerization depends 
on the material with which isocyanate reacts: a polyuria shell will be formed with a reaction 
between isocyanate and amine; a polyurethane shell will be formed when isocyanates react with 
a hydroxyl containing monomer; and lastly, a polynylon or polyamine shell will be formed with 
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the reaction between acid chloride and amine [104]. Figure 2.20 shows a schematic 
representation of interfacial polymerization. 
 
Figure 0.20. Schematic Representation of Microencapsulation Via Interfacial Polymerization 
[104] 
2.7.3 Coacervation 
The coacervation procedure, also called phase separation, is the oldest encapsulation technique 
first developed by the National Cash Register Company for carbonless copy-paper. The 
technique involves a phase separation of one or more hydrocolloids from an initial solution and 
the subsequent deposition of a newly formed coacervated phase around the active ingredient (i.e. 
core material) suspended or emulsified in the same media. After hardening, the microcapsule’s 
wall forms a cross-linked structure, which enhance the thermal and moisture-resistant properties 
of the microcapsules [105]. Figure 2.21 shows a schematic representation of a 
microencapsulation process by coacervation. A common procedure to perform a coacervation 
microencapsulation is the following:  
1. Dispersion of the oil phase into a solution of a surface-active hydrocolloid. 
2. Precipitation of the hydrocolloid onto the oil phase by lowering the solubility of the 
hydrocolloid. A non-solvent, change in pH or a change in the temperature will result in 
the precipitation of the hydrocolloid. 
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3. A second complex hydrocolloid is added to induce the formation of the polymer-polymer 
complex. 
4. Formation of cross-linked structure to stabilize the microcapsules. 
5. Drying of the developed microcapsules.  
 
Figure 0.21. Schematic Representation of a Microencapsulation Process by Coacervation [105] 
2.7.4 Release Mechanisms 
The idea to encapsulate a core material is to provide a controlled, sustained or targeted release of 
the active ingredient. There are three different mechanisms by which a core material is released 
from a microcapsule: (1) mechanical rupture of the capsule wall, (2) dissolution or melting of the 
wall, and (3) diffusion through the wall. A less common release mechanisms are the ablation, 
slow erosion of the shell, and biodegradation of the capsule [106]. Some examples are the 
following: 
• The dissolution of the wall is commonly used in the detergent industry in order to remove 
bloodstains from clothing.  
• The melting of the shell is utilized in the food industry when the capsule reaches certain 
temperature to react with food acid in order to produce leaving agents.  
• For pesticides applications, the diffusion through time is usually utilized, which allows 
farmers to apply the pesticides less often rather than using a very high concentration. 
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•  In pharmaceutical products, the release of the active ingredient is either obtained by 
biodegradation of the shell or by diffusion through the shell.  
• For self-healing applications, the release mechanism is usually the mechanical rupture of 
the shell to release the active ingredient.  
For asphalt applications, the use of self-healing microcapsules containing a rejuvenator is 
promising, as it will allow the material to resist the initiation and propagation of cracking caused 
by vehicular and environmental loading. When cracking occurs due to the aging process of the 
binder, the shell of microcapsules containing rejuvenator will rupture, and the rejuvenator will 
flow through the binder, which consequently results in reversing the aging process. 
2.8 Fibers Synthesis 
The development of fibers containing a rejuvenator product has emerged as an alternative for 
self-healing mechanisms in asphalt pavement. The idea is to avoid negative effects in the rutting 
susceptibility of an HMA mixture by adding sand-like particles (i.e. microcapsules) as previously 
discovered in a study [86]. Another motivation to produce fibers is to avoid some chemical 
compounds, such as melamine-formaldehyde (i.e., shell material for microcapsules), that could 
be an environmental threat in large quantities as previously discussed in section 2.7.1. In this 
section, the most common techniques for fibers fabrication will be discussed.  
Synthetic fibers are mostly derived from by-products of petroleum and natural gas such as nylon, 
polyethylene terephthalate. Also, synthetic fibers can be made of other compounds such as 
acrylics, polyurethanes and polypropylene. Synthetic fibers are commonly used in the textile 
industry for products ranging from clothing and home furnishings [107].  
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Every fiber synthesis technique has 3 basic steps: (1) production of polymer solution, (2) 
extrusion of the fibers, and (3) solidification of the fibers. The first step consists in dissolving the 
polymer into a solvent to form a stable solution. When a thermoplastic polymer is utilized, the 
polymer is usually melted to form the solution. The extrusion of the polymer solution is usually 
performed by utilizing a spinneret. A spinneret is an instrument with an appearance similar to a 
bathroom shower head with many holes ranging from one to several hundreds. Lastly, the 
solidification of the fibers can be performed by either wet-spinning, dry spinning, melt spinning, 
and gel spinning. The process of extrusion and solidification of the polymer solution is called 
spinning process [107].  
2.8.1 Wet Spinning 
This technique is usually utilized for polymers that are dissolved in a solvent. A wet spinning 
consists in extruding the polymer solution into a coagulation bath (i.e. non-solvent) to precipitate 
the polymer. Then, the extruded fibers are washed to remove the excess coagulant and 
subsequently wound on a bobbin [108, 109]. Figure 2.22 shows a schematic diagram of a wet 
spinning procedure. 
 
Figure 0.22. Schematic Diagram of Wet Spinning Procedure [110] 
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Calcium alginate fibers are commonly developed using a wet spinning process. Alginate is a 
natural polymer commonly used in the textile industry. The application of calcium alginate fibers 
for asphalt applications emerges with the idea to avoid negative effects of using hazardous 
materials (i.e. formaldehyde) for the development of self-healing mechanisms. Calcium alginate 
is not only a non-toxic and safe material for the environment and the user, but also has a low-cost 
and biodegradability property. Furthermore, alginate is a renewable resource with unlimited 
supply in nature [111, 112].  
The wet spinning process to develop calcium alginate fibers starts by dissolving sodium alginate 
powder in water. Then, the sodium alginate solution is extruded through a spinneret into a 
calcium chloride coagulation bath. During the extrusion process, there is an exchange between 
the calcium and sodium ions resulting in a firm gel structure [113]. Based on previous studies, 
some factors that affects the production efficiency and the product performance are discussed in 
the next sections.  
2.8.1.1 Molecular weight of the alginate powder. Studies have shown that the strength of the 
fiber will be enhanced with a higher molecular weight of the alginate powder [113]. However, 
the viscosity of the alginate solution increases with a higher molecular weight making it difficult 
to dissolve a high concentration of alginate. A study recommended that a particular 1% alginate 
solution should have a viscosity ranging from 40-100 mPa in order to have a balance between the 
production efficiency and the product performance [111].  
2.8.1.2 Concentration of the spinning solution. As mentioned in the previous section, the 
viscosity of the alginate solution increases as the concentration increases. For wet spinning 
process, a concentration of 5%-6% of sodium alginate for the spinning solution is recommended 
[113]. 
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2.8.1.3 Temperature of the solution. It is recommended to heat the sodium alginate solution 
during the dissolution process as the viscosity decreases as temperature increases, at a rate of 
about 2.5% per degree Celsius. However, a long exposing time to high-temperature such as 50 
◦C can be depolymerized the alginate powder resulting in a loss of viscosity and molecular 
weight [113]. 
2.8.1.4 pH of the solution. The viscosity of the alginate solution is not affected over the range 
pH= 5-11. Below a pH= 5, a higher viscosity occurs as the free –COO− ions starts to protonate 
into -COOH. Furthermore, hydrogen bonds start to form as the electrostatic repulsion between 
the -COOH chains is reduced. The result of the formation of hydrogen bonds is the formation of 
a gel between pH= 3-4. For a wet spinning process, it is recommended to use deionized water 
with pH around 7 [113]. 
2.8.2 Dry Spinning 
In an analogous way than wet spinning, the polymer is dissolved in a solvent and then is 
extruded. During the extrusion process, the solution emerges through the spinneret where the 
solvent is evaporated off with hot air. The solvent can be recollected and reuse it for another 
spinning process. Some common examples of fibers produced with this technique are acetate 
fiber, triacetate fiber, acrylic fiber, modacrylic fiber, and vinyon. Figure 2.23 shows a schematic 
diagram of a dry spinning procedure. 
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Figure 0.23. Schematic Diagram of Dry Spinning Procedure [107] 
2.8.3 Melt Spinning 
This technique is usually performed in polymers that can be melted. The melted polymer is 
extruded through the spinneret where a quench air cools the fibers as they emerge. For this 
particular technique, the winding speed is an important factor for the product performance as it 
influences the strength of the fibers. Figure 2.24 Schematic diagram of melt spinning procedure. 
Some advantages of melt spinning process are the following: (1) it is cost effective, (2) no 
washing is required as no solvent is used; and (3) it is high speed, usually the winding speed is 
around 8000 m/minute. Melt spinning is usually performed with polymers that will not get 
thermal degradation at high-temperatures required to form the melt solution. Some examples of 
fibers produced with this technique are nylon, polyethylene, polypropylene, and polyester. 
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Figure 0.24. Schematic Diagram of Melt Spinning Procedure [107] 
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CHAPTER 3. PERFORMANCE OF ASPHALT REJUVENATORS IN HOT 
MIX ASPHALT CONTAINING RECYCLED ASPHALT SHINGLES 
 
3.1 Introduction 
Asphalt pavement, as the most commonly used pavement surface material around the world, 
draws a yearly demand of more than 110 million metric tons [1]. Furthermore, estimates predict 
that asphalt demand in the United States (us) will approach 28.6 million tons by 2019 [2]. This 
extensive demand for asphalt products, together with the continuous increase in the price of 
asphalt cement, motivates researchers to seek out innovative and tenable approaches.  
The use of Recycled Asphalt Shingle (RAS) in asphalt paving construction represents a 
sustainable approach to reduce virgin materials consumption and negative environmental effects, 
as well as the cost of asphalt pavement. Asphalt shingles, commonly used in the roofing industry, 
consists of asphalt binder, mineral filler, organic paper felt, and glass fiber matting [3]. Every 
year, 11 million tons of waste shingles are produced, which leads to 22 million cubic yards of 
waste materials that in the past would be landfilled [4].  Annually, waste asphalt shingles 
represents 8 to 10% of building-related waste in the US; thereby, becoming the third largest 
source of world-wide waste from the construction industry [5]. Research found that a partial 
replacement of asphalt binder with RAS can reduce the need for landfill space; a previous study 
predicted that one barrel of asphalt binder could be replaced by one ton of recycled shingles [6]. 
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Utilizing RAS in asphalt mixtures as a partial replacement of virgin binder started in the 1980’s 
[7]. Maupin [8] used laboratory tests to study the effects of using 5% RAS in an asphalt mixture; 
he found that RAS did not adversely affect pavement performance compared to conventional 
mixtures.  Anurag et al. [9] studied the effect of roofing waste fibers with different lengths and 
fiber contents by measuring the indirect tensile strength of asphalt mixtures. The researchers 
found that polyester fibers improved both the wet tensile strength and tensile strength ratios [9]. 
Malik and Mogawer tested three different RAS percentages (3, 5, and 7%), which showed no 
significant change in the volumetric and low-temperatures performance; furthermore, asphalt 
mixes with 5 and 7% RAS showed better rutting performance [10].   
In spite of these numerous advantages, many challenges are yet to be addressed with the use of 
RAS in paving applications. The main challenge with using RAS is the aged binder. Properties 
of the binder become highly-dependent on the aging process during the service life of shingles. 
Due to aging and oxidation processes, the asphaltene to maltene ratio of the asphalt binder in 
RAS increases [11]. Having become stiff and brittle, the binder exhibits low deformation 
characteristics, thus causing various distresses such as fatigue and thermal cracking [12]. 
Furthermore, the aged binder in RAS tends to limit high percentages of recycled shingles being 
utilized in asphalt pavements. As a result, the use of RAS is not permitted in all states of the US; 
in most of the states where allowed, RAS is limited up to 5% by weight of the asphalt mixture 
[13]. Another issue related to the use of RAS involves the variability and inconsistency of the 
resources [14]. In addition, the level of blending between virgin and RAS binder, together with 
the RAS binder’s contribution to the total asphalt content of the mixture, is largely unknown and 
has resulted in concerns of state transportation agencies to use RAS.  
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In order to address the issues related to aging of the recycled material such as RAS, the use of 
rejuvenators was suggested. Rejuvenators are usually composed of organic oils with high 
maltene constituents [15] with the ability to recover an asphalt binder’s properties; thereby, 
changing the chemical composition of the hardened binder [16]. Rejuvenator’s application has 
been used as a maintenance activity on the top layer of the pavement in order to revive the 
oxidized top portion [13]. These rejuvenators may also be used with various recycled materials 
to further increase the blending of the aged and virgin binders, increase deformation capability, 
and ultimately reduce the stiffness of the aged binder. In this study, the effects of different 
rejuvenators on the performance of asphalt mixtures containing RAS were evaluated and were 
compared to a conventional asphalt mixture without RAS.  
3.2 Objectives 
The objective of this study was to examine the effects of four rejuvenators on the performance of 
asphalt mixtures containing RAS using two approaches; 1) measuring the mechanistic 
engineering properties of the mixtures containing RAS and rejuvenators at high and intermediate 
temperatures using the dynamic complex modulus, the Semi-Circular Bending (SCB) test, and 
the Hamburg Wheel Tracking Device (HWTD) test; and 2) studying the molecular compositions 
and rheological properties of extracted asphalt binders with and without RAS, together with 
different rejuvenators using High-Pressure Gel Permeation Chromatography (HP-GPC) and 
Superpave Performance Grade (PG) grading, respectively.  
3.3 Background 
3.3.1 Recycled Asphalt Pavement  
Over the last decade, several studies were performed in order to examine the effects of RAS on 
asphalt pavement performance [17-20]. Cooper et al. conducted a comprehensive laboratory 
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study to evaluate the performance of asphalt mixtures containing RAS. Results suggested that 
mixtures containing 5% RAS with no recycling agents (rejuvenating agents and/or softening 
agents) had the same performance as mixtures with no RAS at high, intermediate, and low 
temperatures. Additionally, the RAS caused an improvement in the rutting resistance of the 
mixtures [21]. Robinette and Epps performed a life-cycle assessment for HMA mixtures 
containing recycled materials, in order to study energy consumption, natural resource 
consumption, and emission generation. The results showed that the utilization of recycled 
materials in asphalt pavement will decrease emissions generation, energy consumption, and 
virgin material consumption, while reducing the overall cost of asphalt paving construction [22].  
3.3.2 Rejuvenators 
In the short-term, a rejuvenator should be able to diffuse within a RAS binder, then mobilize the 
stiff binder, providing enough workability to uniformly coat the mixture. In the long-term, a 
rejuvenator should have the ability to change the physical and chemical properties of an aged 
binder to prevent fatigue and low temperature cracking. However, an over-softening of the 
binder should be avoided [23]. Cooper et al. studied the effect of rejuvenators on the 
performance of asphalt mixtures containing RAS. The inclusion of a rejuvenator increased the 
recycled binder ratio but also showed an adverse effect on the intermediate and low-temperature 
performances of the mixture [21]. Shirzad et al. utilized fundamental rheological tests to evaluate 
the effect of two different rejuvenators, a bio-oil (sunflower oil) and a synthetic oil on the 
reversal of the aging process of reclaimed asphalt pavement. The results showed that sunflower 
oil partially restored the original properties of the aged binder, while the synthetic oil did not 
perform well [24].  
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3.4 Experimental Program 
3.4.1 Materials 
A polymer-modified asphalt binder (PG 70-22M) and aggregates (5/8’’ gravel, ¼’’ gravel, 
coarse sand and fine sand) were selected to satisfy the mix design for a 12.5 Nominal Maximum 
Aggregate Size (NAMS) asphalt mixture. The aggregate’s consensus properties in HMA were 
satisfied for all aggregates. The RAS utilized for this study were post-consumer waste shingles 
(PCWS) and were incorporated into the evaluated mixtures at 5% by the total weight of mix. In 
addition, four asphalt rejuvenators were included in the selected asphalt mixtures at 5% by the 
total weight of RAS.  
3.4.2 Asphalt Rejuvenators 
Four asphalt rejuvenators were evaluated in this study, one bio-oil and three synthetic-oils. 
Sunflower seed oil was selected as a bio-oil, based on availability and economic advantages. The 
synthetic rejuvenators, ReJUVN8, provided from SRIPATH TECHNOLOGIES, as well as 
Cargill1252 and Cargill1253, provided by Cargill Industries, were selected based on suggested 
properties, such as compatibility with asphalt binder, a high rejuvenation ability, and improved 
low temperature properties of the aged binder.  
3.4.3 HMA Mixture Design 
This study was performed by designing and preparing six Superpave asphalt mixtures with a 
NMAS of 12.5 mm. The Superpave asphalt mixtures were prepared in accordance with 
AASHTO R35-09, Standard Practice for Superpave Volumetric Design for Hot Mix Asphalt; 
AASHTO M 323-07, Standard Specification for Superpave Volumetric Mix Design; and Section 
502 of the 2006 Louisiana Standard Specifications for Roads and Bridges. A Level 2 design 
(Ninitial = 8, Ndesign = 100, Nfinal = 160 gyrations) was utilized. The optimum asphalt content for 
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each Superpave mixture was determined according to volumetrics (air voids = 3-5%, voids in 
mineral aggregates ≥ 13%, voids filled with asphalt = 68%-78%), and densification requirements 
(%Gmm at Ninitial ≤ 89%, and %Gmm at Nfinal ≤ 98%).  
The six HMA mixtures utilized in this study are presented in Table 3.1. The first mixture was a 
conventional mixture containing no RAS (70CO). The second mixture was an HMA containing 
5% PCWS by weight of the total mix, 70PG5P. The third asphalt mixture, 70PG5SUN, was an 
HMA containing 5% PCWS by weight of the total mix, and 5% sunflower oil by weight of RAS. 
The fourth mixture, 70PG5REJ8, included 5% PCWS by weight of the total mix and 5% 
Rejuvn8 by weight of RAS. The rejuvenator product, Cargill-1252, was used at 5% by weight of 
RAS, combined with 5% PCWS by weight of the total mix, to design the fitfth mixture, 
70PG1252. Lastly, the study designed and evaluated a HMA mixture containing 5% PCWS by 
weight of the total mix and 5% Cargill-1253 by weight of RAS (70PG1253).  
Table 0.1. HMA Mixture Description 
Mixture Type RAS Content (%) Rejuvenator Content (%) 
70CO 0.0 0.0 
70PG5P 5% PCWS 0.0 
70PG5SUN 5% PCWS 5% Sunflower Oil 
70PG5REJ8 5% PCWS 5% Rejuvn8 
70PG1252 5% PCWS 5% Cargill1252 
70PG1253 5% PCWS 5% Cargill1253 
 
Varying virgin asphalt binder contents were evaluated for each of the mixtures to determine the 
optimum asphalt content that satisfies both volumetrics and densification criteria. For the 
mixtures containing RAS, it was possible to determine the asphalt content contributed by the 
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recycled material after identifying the optimum virgin asphalt content. Table 3.2 presents the 
job-mix formula for the six Superpave asphalt mixtures evaluated in this study. As seen in Table 
3.2, the amount of asphalt content contributed from the RAS in mixtures 70PG5P, 70PG5SUN, 
70PG5REJ8, 70PG1252, and 70PG1253, were 0.5, 0.8, 0.8, 1.0, and 1.0%, respectively. The 
composite aggregate gradation blends for mixtures 70PG5P, 70PG5SUN, 70PG5REJ8, 
70PG1252 and 70PG1253 were similar to the aggregate gradation blend of mixture 70CO.  
Table 0.2. Job-Mix Formula 
Property 70CO 70PG5P 70PG5SUN 70PG5REJ8 70PG1252 70PG1253 
%Gmm at Ninitial 88.5 89 88.4 88.4 88.7 89.1 
%Gmm at Nfinal 96.3 97.2 96.3 96.3 95.9 96.7 
Air Voids (%) 4.2 3.8 4.0 4.2 4.5 3.8 
VMA (%) 13.4 13.5 13.6 14.4 13.4 13.8 
VFA (%) 68.4 72.2 70.7 70.6 66.2 72.5 
Total AC (%) 5.3 5.3 5.3 5.3 5.3 5.3 
Virgin AC (%) 5.3 4.8 4.5 4.5 4.3 4.3 
AC from RAS (%) 0.0 0.5 0.8 0.8 1.0 1.0 
Recycled Binder Ratio (%) 0 % 9.4% 15.1% 15.1% 18.9% 18.9% 
 
3.4.4 Experimental Test Matrix 
Three mechanistic tests were conducted on the six mixtures as shown in Table 3.3. The 
experimental matrix included two mechanistic tests (SCB and dynamic complex modulus), as 
well as the HWTD to evaluate the rutting performance of each mixture. Cylindrical samples 
were prepared using a Superpave Gyratory Compactor.  Tested samples were all compacted to an 
air voids of 7.0  0.5%. 
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3.4.5 Description of HMA Mixtures Tests 
3.4.5.1 Semi-Circular Bending Test. Mix susceptibility to cracking at intermediate temperature 
was characterized using the Semi-circular Bending (SCB) test.  Previous studies have found a 
relationship between the fracture resistance of asphalt mixtures and the Critical Strain Energy, or 
the critical value of J-integral, Jc. The SCB test was conducted according to ASTM D 8044 
“Standard Test Method for Evaluation of Asphalt Mixture Cracking Resistance using the Semi-
Circular Bend Test (SCB) at Intermediate Temperatures” using semicircular specimens with 
three different notch depths (25.4 mm, 31.8 mm, and 38mm) at a temperature of 25°C [25].  The 
SCB test consists of applying a monotonical load under a constant displacement rate of 0.5 
mm/min until fracture failure. The critical strain energy release rate (Jc) is defined by the 
following equation [26]: 






                                                                     (3.1) 
where 
Jc= critical strain energy release rate (kJ/m
2); 
b = sample thickness (m); 
a = notch depth (m);  
U = strain energy to failure (kJ); and 




Table 0.3. Mixture Performance Tests 
Test Protocol Failure Mechanisms Specimen Details 
Dynamic 
Modulus, |E*| 
AASHTO T 342 
Permanent deformation and 
fatigue cracking resistance 
⌀150mm x 100mm 
HWTD AASHTO T 324-14 
Rutting and moisture 
susceptibility 
⌀150mm x 60mm 
SCB ASTM D 8044 Fatigue cracking ⌀150mm x 57mm 
 
The strain energy to failure (U) was determined by measuring the area under the loading portion 
of the load deflection curves up to the maximum load for each notch depth. Then, a regression 
line slope is computed by plotting the average values of U versus the different notch depths. The 
regression line is used to determine dU/da in Equation (1). Finally, the critical strain energy is 
calculated by dividing the dU/da value by the specimen thickness, b.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
3.4.5.2 Hamburg Wheel Tracking Device (HWTD). The study evaluated the resistance to 
permanent deformation of the mixtures by using the HWTD, where cylindrical specimens were 
submerged in a water bath maintained at 50°C, and a 703-N steel wheel is passed across the 
specimen until attainment of 20,000 cycles at a rate of 56 passes per minute. The failure criteria 
utilized in this study consisted of a maximum rut depth of 6 mm or completing 20,000 passes at 
50°C. Previous studies have shown that it is possible to assess the moisture susceptibility in the 
HWTD test by measuring the stripping inflection point, where the intersection of the inverse 
creep slope and stripping slope occurs between the secondary and tertiary regions as shown in 
Figure 3.1 [21].  
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Figure 0.1. Schematic of a Typical HWTD Test Data Analysis Showing The Different Regions 
[21] 
3.4.5.3 Dynamic Complex Modulus |E*| Test. The dynamic complex modulus, |E*|, is defined as 
the absolute value of the complex modulus; that value is mathematically defined by the 
following equation:  
                                   |𝐸 ∗| =  
𝜎0
𝜀0
                                                                                        (3.2) 
where 
𝜎0 = maximum dynamic stress; and 
𝜀0= maximum recoverable strain.  
The dynamic modulus test was conducted at 4.4°C, 25°C, 37.8°C, and 54.4°C at loading 
frequencies of 0.1, 0.5, 1.0, 5.0, 10.0 and 25.0 Hz at each temperature [27].  
3.4.6 Extracted Binder Tests 
A PG grading, performed on the binder extracted from aged samples of the evaluated mixtures, 
assessed the effect of rejuvenators on the rheological properties of the recovered binder. The 
study conducted an extraction of the binder in accordance with AASHTO T 164, “Standard 
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Method of Test for Quantitative Extraction of Asphalt Binder from Hot Mix Asphalt HMA – 
Method A.” The AASHTO R 59, “Standard Practice for Recovery of Asphalt Binder from 
Solution by Abson Method,” which guided the process of distilling the solvent, was conducted as 
well.  Finally, by use of rheological tests such as dynamic shear rheometry, rotational viscosity, 
and bending beam rheometer, and in accordance with AASHTO M 320-09 (Standard 
Specification for Performance-Graded Asphalt Binder), the study evaluated the rheological 
properties of the prepared blends [28]. Furthermore, the percentage of asphaltenes and maltenes 
in the extracted binders from the evaluated mixtures was determined to assess the effectiveness 
of the asphalt rejuvenators. The study measured the asphalt molecular weight distribution, 
utilizing a High-Pressure Gel Permeation Chromatography (HP-GPC).  
3.5 Results and Analysis 
3.5.1 Effects of Rejuvenator on HMA Mixture 
3.5.1.1 Dynamic Modulus, |E*|. A comparison of the master curves constructed for each mixture 
is presented in Figure 3.2.  It is noted that the 70PG1253 mixture had the highest |E*| values and 
the 70CO mixture had the lowest |E*| values. The high stiffness of 70PG1253 was due to the 
high binder contribution from RAS when the Cargill-1253 recycling agent was used, as indicated 
in Table 3.2.  
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Figure 0.2. Master Curve of Asphalt Mixtures 
Based on a previous study, a rut factor, |E*|/sin() at 54°C, 5Hz, was computed to evaluate the 
rutting susceptibility and a fatigue factor, |E*|sin() at 25°C, 5Hz, was calculated to assess the 
fatigue susceptibility of the evaluated mixtures. Witczak et al. suggested that a lower fatigue 
factor indicates an enhanced performance against fatigue cracking; whereas a greater rut factor is 
desirable to indicate less susceptibility against rutting [27]. The mean normalized rut factor and 
fatigue factor, computed by dividing the rut factor/fatigue factor of each mixture by the rut 
factor/fatigue factor of mixture 70CO is shown in Figure 3.3. Figure 3.3(a) shows that all 
mixtures with the exception of 70PG1253 had a rut factor ratio greater than 1.0, which indicates 
a superior rutting performance of the mixtures as compared to the control mix. Furthermore, 
Figure 3.3(b) shows that the mixtures containing a rejuvenator product had a better performance 
against fatigue cracking as these mixtures had a fatigue factor ratio less than 1.0. The mixture 
with RAS and no rejuvenator (70PG5P) was predicted to have a similar performance against 
fatigue cracking as the control mixture (70CO) as the computed fatigue factor ratio was 1.0. 
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(a)                                                                          (b) 
Figure 0.3. Dynamic Complex Modulus Test Results (a) Rut Factor Ratio, and (b) Fatigue Factor 
Ratio 
 
 3.5.1.2 Rutting Performance. Figure 3.4 displays the terminal permanent deformation depths for 
the evaluated mixtures from the HWTD test. It is shown in Figure 3.3 that the maximum 
allowable rut depth threshold in Louisiana (6 mm) was satisfied for all mixes. The addition of 
RAS decreased the terminal rut depth in mix 70PG5P, when compared to mix 70CO, which 
contained no RAS. However, the study observed that the addition of rejuvenator products 












































Figure 0.4. Rutting Depth for Evaluated Superpave Asphalt Mixtures 
3.5.1.3 Moisture susceptibility. As previously discussed, HWTD test results can also assess the 
moisture susceptibility of asphalt mixtures by measuring the stripping inflection point.  Figure 
3.5 shows that no tertiary creep was detected in any of the evaluated mixtures. Therefore, no 
stripping inflection points were detected, and, therefore, the studied mixtures are not expected to 
be susceptible to moisture damage, as measured by the HWTD test. 
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3.5.1.4 Intermediate-Temperature Cracking. Previous studies have recommended a minimum 
threshold Jc value of 0.5 to 0.65 kJ/m2 to measure intermediate-temperature cracking 
susceptibility [25]. Figure 3.6 shows the critical strain energy release rate for the evaluated 
mixtures. The result shows a slightly greater Jc for the control mixture (70CO) as compared to 
the mixture containing RAS without rejuvenator (70PG5P). Furthermore, Figure 6 indicates that 
the mixes with rejuvenators had a slightly lower Jc as compared to the mixture with RAS and no 
rejuvenator (70PG5P). This can be explained by the RBR of these mixes; 70PG5P had a RBR of 
9.4%, which indicates that the remaining RAS acted as a black rock. On the other hand, the RBR 
of the other mixes was increased as a result of the rejuvenator application, which reversely 
affected cracking susceptibility of the mixtures.  
 
Figure 0.6. Critical Strain Energy Release Rate 
3.5.1.5 Statistical Analysis. A statistical analysis was conducted to determine whether the 
differences in performance observed in both HWTD and SCB results were significant. The study 
conducted an Analysis of Variance (ANOVA) for each test to determine whether there were any 
statistical differences in mixture performance.  Results of the ANOVA showed that there were 


















and SCB results. Therefore, a t-test was performed at a confidence level of 0.05 on all the 
possible combinations (i.e., 70CO vs. 70PG5P or 70PG1252 vs. 70PG5SUN) to identify the 
mixes that were statistically different. Table 3.4 shows the statistical ranking of the mixtures for 
the HWTD and SCB test results. The statistical results for each grouping are ranked by using 
letters A, B, C, and so forth. The letter A is assigned to the mix with the highest mean, followed 
by the letter B and so forth. Double letters (e.g., A/B, B/C) indicate that the mixture may be 
categorized in both groups.  The statistical analysis showed differences and similarities between 
the mixtures in the performance against cracking and rutting but it did not show a significant 
difference between the mixtures with highest and lowest rut depths (i.e., 70PG5SUN vs. 
70PG5P). It is noted, however, that all mixtures were below the 6.0-mm maximum rut depth 
specified by Louisiana. 
Table 0.4. Statistical Ranking of Mixtures 
Mixture Type 
HWTD SCB 
Mean Rank Mean Rank 
70CO 2.250 A/B 0.525 A 
70PG5P 2.065 B 0.440 A/B 
70PG5Sun 3.145 A/B 0.437 A/B 
70PG5REJ8 2.835 A/B 0.390 B 
70PG51252 2.325 A 0.417 A/B 
70PG51253 3.070 A/B 0.460 A/B 
 
3.5.2 Rheological Properties of Extracted Binders 
3.5.2.1 PG Grading from Extracted Binder. The rheological properties of the extracted aged 
binders from the evaluated mixtures were characterized, according to AASHTO M 320-09. Table 
3.5 shows the PG grading of the extracted binder blends, based on Superpave laboratory binder 
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testing. Table 3.5 reveals that there exists a short-term aging effect during mix/compaction 
heating and extraction heating, since the extracted binder from the control mixture (70CO) was 
stiffer than the original virgin binder (PG 70-22). Furthermore, the results indicate that the use of 
Rejuvn8 and Cargill-1253 as asphalt rejuvenators did not positively affect the PG of the 
extracted binder from mixtures 70PG5REJ8 and 70PG1253 (i.e., PG 88-10), when compared to 
70CO (i.e., PG 76-16) and 70PG5P (i.e., PG 82-16). In addition, the PG grading of extracted 
binders from mixtures 70PG5SUN and 70PG1252 (i.e., PG 82-16) showed a better performance 
compared to the extracted binders from mixtures 70PG5REJ8 and 70PG1253 (i.e., PG 88-10).  
Table 0.5. Rheological Test Results of Extracted Asphalt Binder Blends 
Mixture PG Grading Continuous Grading UTI 
70CO PG 76-16 77.7-16.8 95 
70PG5P PG 82-16 87.9-16.1 104 
70PG5SUN PG 82-16 87.1-16.8 104 
70PG5REJ8 PG 88-10 93.9-11.1 105 
70PG1252 PG 82-16 83.6-21.3 105 
70PG1253 PG 88-10 89.3-14.8 104 
 
Evaluation of these results shows that the PG grading of the extracted binders with RAS and 
rejuvenators were due to the different percentages of virgin binder in the corresponding mixture; 
for example, the %AC of virgin binder in mixture 70PG5P was 4.8%, whereas the %AC of 
virgin binder in mixtures 70PG5REJ8 and 70PG5SUN was 4.5%. Besides the PG grading of the 
extracted binder blends, the Useful Temperature Interval (UTI) is shown in Table 3.5. UTI can 
be defined as the range between the minimum and maximum temperature where the binder is 
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expected to perform satisfactorily. Table 3.5 shows that mixture 70CO has the lowest UTI and 
that the use of rejuvenators did not improve the UTI compared to mixture 70PG5P. 
 3.5.2.2 High-Pressure Gel Permeation Chromatography (HP-GPC). The present study evaluated 
the asphalt molecular weight distributions of the extracted binder blends by performing a HP-
GPC. The effectiveness of the asphalt rejuvenators to restore the asphaltenes/maltenes ratio may 
be measured by analyzing the percentage of asphaltenes and maltenes on the different extracted 
binder blends. The HP-GPC results are shown in Table 3.6. As shown in this table, the addition 
of the commercial product Cargill1253 was the most effective in restoring the 
asphaltene/maltene ratio, since the percentages of asphaltenes and maltenes from the extracted 
binder of mixture 70PG1253 were 26.4% and 66.6 %, respectively; reflecting a similar 
percentage to the asphaltenes and maltenes in the extracted binder in the control mixture, i.e., 
27.4% and 66.1%, respectively.   










70CO 6.46 27.44 66.1 0.42 
70PG5P 9.23 28.29 62.48 0.45 
70PG5SUN 10.4 28.58 61.02 0.47 
70PG5REJ8 10.38 29.84 59.78 0.50 
70PG1252 11.24 28.54 60.22 0.47 
70PG1253 6.93 26.42 66.65 0.40 
 
3.6 Conclusions 
The present study evaluated the effects of incorporating recycled asphalt shingle and rejuvenator 
products on the performance of HMA mixtures. A set of laboratory tests was performed to 
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characterize the performance of asphalt mixtures against distresses such as permanent 
deformation and fatigue cracking. The characterization was conducted in conventional HMA 
mixtures, mixtures containing 5% RAS, and asphalt mixtures containing 5% RAS with 5% of 
asphalt rejuvenator products. In addition, the asphalt binders were extracted from the mixtures 
and rheological and chemical analyses were conducted and evaluated. Based on the results from 
the experimental program, the following conclusions may be drawn:  
The addition of 5% RAS showed an improvement in permanent deformation when compared to a 
conventional mixture with no RAS. Yet, the use of asphalt rejuvenators slightly decreased the 
performance against permanent deformation. 
The addition of RAS did not adversely affect moisture susceptibility, and no moisture 
susceptibility was predicted by the HWTD. 
SCB test results showed that the asphalt mixtures containing RAS and asphalt rejuvenators had a 
lower Jc value than the minimum threshold value (0.5 kJ/m2), which indicated a greater 
susceptibility to intermediate-temperature cracking. 
The addition of the commercial product Cargill 1253 restored the asphaltenes/maltenes ratio, 
when compared with mixture 70CO. Yet, the fracture resistance of the mix was still affected by 
the use of RAS. 
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CHAPTER 4. LABORATORY TESTING OF SELF-HEALING 
MICROCAPSULES IN ASPHALT MIXTURES PREPARED WITH 
RECYCLED ASPHALT SHINGLES 
 
4.1 Introduction 
In the United States, roads and highways extend for more than 2.6 million miles through the 
nation; at present, 93% of these roads, considered to be transportation necessities, display an 
asphalt surface.  In the last 40 years, the rising cost of petroleum-based products, inclusive of 
asphalt cement, has prompted a search for innovative methods to reduce the amount of virgin 
binder in Hot Mix Asphalt (HMA).  Furthermore, the environmental impacts from carbon 
emissions, associated with the production of asphalt binder, motivates research on sustainable 
pavement technologies, such as the utilization of recycled materials.  In response to this need, 
state agencies are considering the use of Recycled Asphalt Shingles (RAS) in pavement 
applications.  
Studies indicate that the use of RAS in HMA could result in savings between $1.00 and $2.80 
per ton of HMA by using 5% shingles [1].  In addition to the reduction in costs, studies show that 
recycled materials reduce related negative environmental impacts, such as extraction, 
transportation, and processing of virgin materials [2].  Recycled agents may be utilized in HMA 
containing RAS, not only to avoid any negative effect on pavement performance, but also to 
restore the properties of the aged binder [3].  
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The implementation of rejuvenators as a recycling agent has the potential to restore the 
properties of aged asphalt binders [3]. Rejuvenators display an ability to restore the 
asphaltenes/maltenes ratio; thereby allowing for recovery of the relaxation capacity of an asphalt 
binder [4]. Yet, one concern for a rejuvenator application is that the agent must penetrate into the 
asphalt layer in order to reverse the aging process of the binder [5].  Therefore, research seeks an 
innovative approach in order to disperse the rejuvenator into the asphalt mix, such as the 
microencapsulation method [6].  
Self-healing concept may be applied to asphalt concrete by utilizing microcapsules, which 
contain a rejuvenator product. Microcapsules containing rejuvenator demonstrate a capacity to 
seal micro-cracks produced by traffic and environmental loads in the asphalt pavement, as well 
as to permeate the surrounding binder.  In addition to the healing of micro-cracks, the restoration 
of aged binder properties may also be achieved, thus enhancing pavement performance. Self-
healing mechanisms would also enhance the use of recycled materials such as RAS by restoring 
the properties of the aged binder. 
4.2 Objectives 
This study had two main objectives: (1) Characterization of microcapsules containing an asphalt 
rejuvenator product as core material in order to test thermal stability; and (2) Evaluation of self-
healing efficiency of double-walled microcapsules through crack healing and stiffness recovery 
of damaged mixture specimens under two different healing conditions. 
4.3 Background 
4.3.1 Recycled Materials in HMA 
In the last few years, due to increased costs in asphalt cement, recyclable materials such as 
Reclaimed Asphalt Pavement (RAP) and Recycle Asphalt Shingles (RAS) were evaluated to 
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determine the subsequent effects on pavement performance.  In this process, not only recycled 
materials were evaluated, but new processes such as Warm Mix Asphalt (WMA) were developed 
as well, in an attempt to lower the amount of energy required to construct asphalt pavements.  
Watson et al. conducted a study to evaluate the effects of adding waste roofing shingles on 
asphalt mixtures [7]. The study evaluated asphalt mixtures containing 5% of manufactured waste 
shingles (MWS) by total weight.  The research concluded that the performance of mixtures 
modified with RAS were similar to the control mix.  In addition, the study observed that the 
extracted binder from the mixture containing RAS was stiffer than the one extracted from the 
control, thus the addition of RAS to asphalt mixture could positively enhance pavement 
performance against rutting.  
Another study conducted by Maupin evaluated the addition of 5% post-consumer waste shingles 
(PCWS) in asphalt mixtures [8].  The purpose of the study was to evaluate whether the addition 
of RAS may negatively affect the mixture performance against major distresses.  A conclusion 
from the study was that the addition of 5% PCWS made no difference on the fatigue 
performance of the mixtures.  Additionally, although the results from the permanent deformation 
test differed, the rut depths satisfied the specification criteria from the Virginia Department of 
Transportation (VDOT). 
4.3.2 Asphalt Rejuvenators 
One of the most common methods presented to preserve asphalt pavement is the use of an 
asphalt rejuvenator to extend pavement service life, thus decreasing maintenance costs.  Asphalt 
rejuvenators include cationic emulsions containing maltenes, which serve to restore the 
asphaltenes/maltenes ratio by softening the oxidized asphalt concrete pavement surface [9] [10].  
Studies showed that the application of rejuvenator products in asphalt concrete reduced 
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hardening and temperature susceptibility of the pavement [11]. Yet, many studies determined 
that asphalt rejuvenators do not penetrate the asphalt pavement deeply enough to effectively 
restore the properties of the aged binder [5].  
4.3.3 Microencapsulation of Asphalt Rejuvenators 
The poor penetration of rejuvenator products may be addressed by developing microcapsules 
containing a core material product to be utilized during asphalt mixture production. 
Microencapsulation may be defined as a process to encapsulate a solid, liquid, or gas as a core 
material, which is surrounded by a coating layer or shell [12].  The concept in using 
microcapsules containing a rejuvenator product is to release the product when the microcapsules 
break, due to the presence of a certain stress value. 
Aguirre et al. [13] successfully microencapsulated a recycling agent by in-situ polymerization, 
using melamine-formaldehyde. The research utilized a double polymerization technique to 
enhance the rigidity and toughness of shell.  Selection of the encapsulated product was based on 
an evaluation of the restoring capabilities of the rejuvenator in an aged binder. Results showed 
that the product would positively influence both high and low grade temperatures of the tested 
binders.  
A study evaluated a common vegetable oil to determine its efficiency in reversal of the aging 
processes of asphalt binder [14].  The study conducted a PG grading of aged PG 70-22, PG 76-
22, and RAP binder mixed with 5% of vegetable oil by weight of the binder. The study showed 
that the vegetable oil had a positive influence on both high and low temperature grades of the 
aged binder.  In addition, the research developed a double-walled microcapsule (urea-
formaldehyde/polyurethane) specifically designed for vegetable oil using an in-situ 
polymerization process [14].  
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4.4 Experimental Program 
4.4.1 Microencapsulation Synthesis and Properties 
4.4.1.1 Chemicals. The core material of the microcapsules consisted of a green bio-oil product, 
Rejuvn8, from Sripath Technologies (density 0.919 g/cm3).  The experimental program used 
urea, ammonium chloride (NH4Cl), resorcinol, formaldehyde solution, and a commercial 
polyurethane prepolymer (Desmodur L 75) as shell materials for the developed microcapsules. In 
addition, Ethyl Phenylacetate (EPA) represented the solvent used to dissolve the rejuvenator 
product with polyurethane prepolymer and with ethylene-maleic anhydride (EMA) copolymer 
(Zemac-400) powder applied in a 2.5 wt. % aqueous solution as a dispersant.  
4.4.1.2 Microencapsulation Procedure. Shirzad et al. optimized a microencapsulation procedure 
for double-walled microcapsules [14].  The double-walled microcapsules were synthesized via 
in-situ polymerization, using polyurethane and urea-formaldehyde.  The purpose of incorporating 
polyurethane into urea-formaldehyde microencapsulation was to increase thermal stability at 
high temperature, while maintaining the interfacial bonding by means of urea-formaldehyde 
microcapsules [15]. Moreover, studies showed that the combination of polyurethane/urea-
formaldehyde improves long-term stability at room temperature and thus increases the ability to 
contain liquids [16].  
Having mixed 100 ml of de-ionized (DI) water and 25 ml of 2.5% by wt. aqueous EMA 
copolymer solution in a 500 ml beaker, the microencapsulation procedure consisted of agitating 
the solution by means of an overhead stirrer and placing the resulting solution atop a ceramic hot 
plate.  An agitation at 1000 rpm dissolved 2.5g of urea, 0.25 g of resorcinol, and 0.25 g of 
ammonium chloride. The procedure then adjusted the pH drop-wise to 3.50 by using sodium 
hydroxide and/or hydrochloric acid solutions.  In another beaker, the researcher added 10 g of 
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rejuvenator with 5 g of polyurethane, and mixed the emulsion with 30 mL of ethyl phenylacetate.  
The process then added the thoroughly mixed emulsion to the main solution slowly, in order to 
maintain the pH between 3.0 and 3.5.  After a 15-minute stabilization, the process added 6.33 g 
of 37% formaldehyde solution and heated the solution for four hours at the desired temperature 
at a rate of 1oC per minute, adding deionized water throughout the heating time to maintain the 
desired water level.  Once the four hours of heating were complete, the solution was cooled 
under a fume hood and was vacuum-filtered to arrive at the final product. 
4.4.1.3 Microcapsules Morphology. The study employed a Scanning Electron Microscope (SEM-
FEI Quanta 3D FEG Dual Beam SEM/FIB) to evaluate the morphology of the produced 
microcapsules.  Having sprinkled microcapsules on top of a double-sided tape attached to a pin 
stub specimen mount, the researcher sputter-coated the microcapsules with platinum for four 
minutes before imaging the specimens under a secondary electron mode at an accelerated voltage 
of 5 kV.  
4.4.1.4 Thermogravimetric Analysis. Asphalt binder is typically added to the aggregate blend at 
around 163oC in a Superpave Hot-Mix Asphalt (HMA). Therefore, the study conducted a 
Thermogravimetric Analysis (TGA) on the prepared microcapsules as a means to study their 
degradation at high temperatures.  
4.4.2 Self-Healing Mixture Testing 
4.4.2.1 Materials. The selected materials in the mixture preparation consisted of a styrene-
butadiene-styrene (SBS) polymer-modified binder, which was selected based on the Louisiana 
specifications for PG 70-22M; 16mm gravel, 6.35mm gravel, coarse sand, and fine sand, thus 
satisfying the mix design requirements of a 12.5mm Nominal Maximum Aggregate Size 
(NMAS).  Post-consumer waste shingles (PCWS) were incorporated into the evaluated mixtures 
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at 5% by total weight of mix. In addition, the experimental program considered the use of an 
asphalt rejuvenator and the microcapsules in selected mixtures at 5% by total weight of RAS, see 
Table 4.1. 
4.4.2.2 Specimen Preparation. Table 4.1 presents the prepared asphalt mixtures for the study. 
The mixture 70CO is a conventional mixture containing no RAS.  Mixture 70PG5P used 5% 
PCWS by weight of the total mix.  The experimental program considered the use of 5% PCWS 
by weight of the total mix and 5% Rejuvn8 by weight of RAS for the mixture 70PG5Rej8.  
Lastly, the MCRej8 mixture contained 5% PCWS by weight of the total mix and 5% 
microcapsules by weight of RAS.  
Table 0.1. Job-Mix Formula 
Mixture 
Type 
RAS Rejuvenator (%) Microcapsules Content (%) 
70CO - - - 
70PG5P 5% PCWS - - 
70PG5Rej8 5% PCWS 5% Rejuvn8 - 
MCRej8 5% PCWS - 5% 
 
Six specimens were prepared for each asphalt mixture type, with three to be exposed to room-
temperature healing conditions and three to be exposed to high-temperature healing conditions 
after cracking.  Cylindrical samples were prepared using a Superpave Gyratory Compactor 
(SGC) and rectangular specimens with dimensions 40mm x 40mm x 160mm (as shown in Figure 
4.1) were obtained by sawing the cylindrical samples.  All specimens were prepared to an air 
voids of 7.0 ± 0.5%. 
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4.4.2.3 Self-Healing Test Description. A three-point bending setup was used to induce cracks at 
room-temperature in the prepared rectangular specimens with span length of 100mm without any 
prior conditioning through a strain-controlled load applied at a rate of 0.25 mm/min, which 
allowed stopping the test before any sudden failure. The three-point bending setup is shown in 





Figure 0.1. (a) Rectangular Specimen Obtained by Sawing Cylindrical Samples and (b) Three-
Point Bending Test Setup 
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The three-point bending test results were used to calculate the stiffness for three different 
conditions (undamaged, damaged, and healed).  The test was stopped 100 seconds after reaching 
the peak load in each condition. As shown in Figures 2(a and b), the undamaged stiffness was 
defined as the slope of the linear equation from the steepest part of the load-deformation plot.  A 
box in Figure 4.2(a) identifies the part of the curve analyzed in Figure 4.2(b).  The same 
procedure was repeated for a second three-point bending test before healing in order to calculate 
the damaged stiffness and to increase the severity of the cracks before healing.  Following 




Figure 0.2. Calculation of Undamaged Stiffness (a) Load-Deformation Plot from First Bending 
Test (b) and Stiffness Calculation 
 
Utilizing an optical light microscope, the study quantified the healing process of cracked 
specimens as a function of time, by adopting a magnification rate of 12x in order to measure the 
different cracks in the specimens.  Immediately after crack characterization, specimens were then 
subjected to a 6-day healing period under controlled environmental conditions. Specimens were 




































periods of 0, 1, 2, 3 and 6 days.  The study also performed a digital image analysis to measure 
the crack width over time.  
4.4.2.4 Environmental Conditions for Self-Healing. Three specimens for each of the evaluated 
asphalt mixtures were exposed to two different dry temperature conditioning. The first 
temperature conditioning was applied at room temperature (26 ± 2°C).  The second conditioning 
was conducted at a temperature of 50 ± 2°C, which was maintained for 6 days using a 
conventional oven.  
4.4.2.5 Quantification of self-healing. Healing of specimens as a function of time was quantified 
by digital image analysis using light microscopy.  The light microscope utilized for data 
acquisition was a Zeiss SteREO Lumar.V12. The crack width was measured before healing (day 
0), and at day 1, day 2, day 3 and day 6 of the healing period to quantify the healing efficiency of 
the specimens. The healing efficiency of the specimens at the different healing periods was 
calculated as follows:  
𝐻𝑒 = (1 −
𝐶𝑤𝑡
𝐶𝑤0
) ∗ 100                                      (4.1) 
where 𝐻𝑒 = Healing efficiency (%); 𝐶𝑤0 = Initial Crack width, mm; and 𝐶𝑤𝑡 = Crack width at 
the time of analysis, mm. Furthermore, a relationship between damaged and healed stiffness was 
evaluated to determine the stiffness recovery at the end of the healing period. The undamaged 
and healed stiffness values were compared by the ratio between the healed stiffness and the 
undamaged stiffness.  
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4.5 Results and Analysis 
4.5.1 Microencapsulation of Rejuvn8 
4.5.1.1 Characterization of Microcapsules. Microcapsules containing a commercial bio-oil 
product as the core material were prepared.  Size is an important property of the produced 
microcapsules as the microcapsules should be smaller than the spaces between the aggregates but 
not too small to be broken during asphalt mixture production.  The yield rate was calculated 
using Equation (4.2) to determine how much of the core material is being encapsulated.  The 
diameter measurements and yield rates for the prepared microcapsules are shown in Table 4.2.  
 %Yield Rate =  
Weight of microcapsules
Weight of ingredients
 𝑥100      (4.2) 
 
Table 0.2. Diameter Measurements and Yield Rates for Double-Walled Microcapsules 
 
DIAMETER STATS VALUE 
Mean 152.91μm 
Std. Deviation 84.34μm 
Max 342.97μm 
Min 35.03μm 
Yield Rate  63.2% 
*For the following production parameters: (a) agitation rate of 1000 rpm, (b) heating temperature 
of 55°C, and (c) reaction time of 4 hr.  
 
Figure 4.3(a) shows the double-walled microcapsules containing the asphalt rejuvenator as core 
material.  The produced microcapsules were maintained at a temperature of 163°C for two hours 
to assess the behavior of the microcapsules during HMA mixture production.  Figure 4.3(b) 
shows the microcapsules after two hours of thermal degradation at a temperature of 163°C.  As 
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shown in Figure 4.3(b), the microcapsules showed little to no damage due to high temperatures, 
since the majority of the microcapsules did not break during the experiment. Furthermore, the 
behavior of the developed microcapsules to resist the HMA mixing process was evaluated by 
performing a small experiment consisting of mixing the microcapsules and 9.5mm aggregates in 
a mixing bowl for five minutes. Figure 4.3(c) shows the microcapsules after five minutes of 
mixing with 9.5mm aggregates. As shown in Figure 4.3(c), microcapsules did not break during 
the mixture process experiment. These results indicate that the produced microcapsules have 
demonstrated encouraging thermal and mixing resistance.  Nevertheless, further evaluation in the 
field and at the plant of the microcapsules is needed. 
4.5.1.2 Thermogravimetric Analysis. The thermal stability of the produced microcapsules was 
analyzed using TGA.  Figure 4.3(d) shows the change, both in weight (%) and the derivation 
weight (%/°C), as the temperature increased. Figure 4.3(d) supports the results presented earlier 
in Figure 3(b), where the microcapsules show little to no damage at a temperature of 163°C, 
presenting a decrease of less than 8% of the sample’s weight.  Based on these results, it is 
concluded that the produced microcapsules are suitable for use during asphalt mixture 
production, in view of the fact that the sample’s weight decreased by 50% at a temperature 
(308°C), a temperature higher than the one used in an asphalt mixture production. The 50% 
reduction in microcapsule’s weight at 308°C is attributable to the disintegration of the 
microcapsules due to the exposure to extreme high-temperature condition. Furthermore, the 
derivation weight (%/°C) in Figure 4.3(d) shows that highest weight variation (i.e. loss in 
microcapsule’s weight) occurs at a temperature around 260°C, which can be seen as the turning 
point where microcapsules starts to disintegrate. A second turning point in weight derivation is 
observed around 410°C where microcapsules suffered another high % weight loss.  
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Figure 0.3. Double-Walled Microcapsules Containing an Asphalt Rejuvenator: (a) Undamaged 
Microcapsules; (b) Microcapsules After 2 H at 136°C; (c) Microcapsules After Mixing 
Experiment; and (d) Thermogravimetric Analysis Results 
4.5.2 Self-Healing Experiment 
4.5.2.1 Initial Crack Width. Light microscope images were obtained after inducing the cracks on 
the rectangular specimens before the healing period.  The six specimens for each mixture were 
divided into two groups, Group I was defined as the specimens subjected to room-temperature 
healing conditions and Group II was defined as the specimens maintained at a temperature of 
50°C utilizing a conventional oven.  Digital image analysis was utilized to calculate the initial 
average crack width.  The initial average crack widths were divided into two categories, series 1 
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was defined as the initial cracks with average width less than 0.4 mm and series 2 was defined 
for those initial cracks with average widths larger than 0.4 mm. The self-healing experiment was 
focused on cracks larger than 0.4 mm to simulate real field conditions. Table 4.3 and Table 4.4 
present the details of the initial crack width measurements for room-temperature and high-
temperature healing conditions for series 2, respectively.  It is observed that there is no 
difference between the average crack widths in the specimens used for both healing conditions; 
thus, a comparison of the healing efficiencies of the mixtures can be performed between the two 
healing conditions. 
Table 0.3. Room-Temperature Healing Condition 
 
Mixture Crack Width (mm) 
n* Mean Std. Deviation CV 
70COO 50 0.5377 0.1233 22.9% 
70PG5P 50 0.5789 0.1524 26.3% 
70PG5Rej8 50 0.5139 0.0797 15.5% 
MCRej8 50 0.5928 0.0166 2.8% 
*Number of measurements across the cracks 
 
Table 0.4. High-Temperature Healing Condition 
 
Mixture Crack Width (mm) 
n* Mean Std. Deviation CV 
70COO 50 0.5500 0.0983 17.9% 
70PG5P 50 0.5469 0.1165 21.3% 
70PG5Rej8 50 0.4779 0.0865 18.1% 
MCRej8 50 0.4299 0.0249 5.8% 
* Number of measurements across the cracks 
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4.5.2.2 Healing Quantification. After inducing the cracks and taking the initial cracks 
measurements, samples were conditioned into their corresponding environmental condition.  
Light microscope was utilized to capture images from the specimens at 1, 2, 3 and 6 days during 
the healing period.  The analysis of the images revealed that the cracks in the specimens started 
to heal as early as one day into the healing period.  Furthermore, the analysis showed a daily 
improvement in the cracks width in both environmental conditions.  Figure 4.4 shows a 
comparison between cracks from series 2 from the different mixtures from day 0 to day 6 at a 
healing temperature of 26 ± 2°C (room-temperature).  A similar comparison for high-
temperature healing condition is presented in Figure 4.5.  
The study performed a healing quantification before and after healing by comparing the initial 
crack widths with the crack widths at 1, 2, 3 and 6 days into the healing period.  As previously 
discussed, the study calculated the healing efficiency for each mixture using Equation (1).  
Figure 4.6(a) shows that the mixture with 5% Rejuvn8 showed the best recovery with 82.3% 
healing efficiency, thus it was similar to the 70CO at room temperature. The mix with 
microcapsule (MCRej8) had a 71.4% healing efficiency, which was lower than the 70PG5Rej8 
and 70CO mixes.  This is because that not all microcapsules have broken during the test since 
microcapsules are expected to break over time and not all at once. When a new crack occurs, 
more rejuvenator product will be released to initiate a new healing process.  The reason that mix 
70CO performed well is possibly due to the virgin polymer-modified binder used in this mix 
without aged binder contribution from RAS. 
The study performed a similar analysis for the high-temperature healing condition in order to 
assess the healing efficiency of the studied mixtures. Figure 4.6(b) shows the healing efficiency 
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of the evaluated mixtures at a temperature of 50 ± 2°C for crack widths larger than 0.4 mm. As 
shown in this figure, the mixture prepared virgin binder (70CO) had the best healing efficiency 
with close to 70% as compared to the mixture with microcapsules (MCRej8), which had a 53.1% 
healing efficiency.  Interestingly, the mix with RAS performed similarly to the mix with 
rejuvenator at high-temperature (70PG5P vs. Rejuvn8).  
Day 0                                                              Day 6 
                      
Mixture 70CO 
Day 0                                                              Day 6 
                      
Mixture 70PG5P 
Day 0                                                              Day 6 
                      
Mixture 70PG5Rej8 
Figure 0.4. Cracks Before and After Healing at Room-temperature 
Figure 4.4. cont’d 
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Day 0                                                              Day 6 
 




Day 0                                                              Day 6 
                      
Mixture 70CO 
 
Day 0                                                              Day 6 
                      
Mixture 70PG5P 
Figure 0.5. Cracks Before and After Healing at High-Temperature 
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Mixture 70PG5Rej8 
Day 0                                                              Day 6 






Figure 0.6. Healing Efficiency at (a) Room-Temperature; and (b) High-Temperature 

























When comparing both healing conditions, it is possible to observe that the control mixture 
(70CO) had the best healing performance with an average of 76% healing efficiency. The 
mixture containing 5% asphalt rejuvenator (Rejuvn8) showed a better performance at room-
temperature (82.3% healing efficiency) than at high-temperature healing condition (67.7% 
healing efficiency). Similarly, the mixture containing 5% microcapsules showed a better 
performance at room-temperature (71.4% healing efficiency) than at high-temperature (53.1% 
healing efficiency).  The mixture containing 5% RAS without rejuvenator also showed a better 
performance at room-temperature (77.1% healing efficiency) than at high-temperature (67.9% 
healing efficiency). 
4.5.2.3 Statistical Analysis. A statistical analysis was conducted to determine whether the 
differences in healing efficiencies observed at both healing conditions were significant. This 
analysis focused on cracks larger than 0.4 mm in order to simulate real field conditions for both 




















Day 1 Day 2 Day 3 Day 6
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condition, the analysis assessed whether there was a statistical difference in the mixture 
performance at a confidence level of 0.05.  Furthermore, the analysis included a t-test was at a 
confidence level of 0.05 on all the possible combinations (i.e., 70CO vs. 70PG5P or 70PG5Rej8 
vs. MCRej8) to identify those mixes that were statistically different.  
Table 4.5 shows the statistical ranking of the mixtures at the two healing conditions. The 
statistical results for each grouping are ranked by using letters A, B, C, and so forth. The letter A 
is assigned to the mix with the highest mean, followed by the letter B, and so forth.  Double 
letters (e.g., A/B, B/C) indicate that the mixture can be categorized in both groups. Table 4.5 
shows that the mixture with the highest healing efficiency at room temperature (70PG5Rej8) was 
not significantly different than the mixture with the lowest healing-efficiency (MCRej8). 
However, the statistical analysis shown that there was a difference between the mixture MCRej8 
and the other mixtures for high-temperature healing condition.  
Table 0.5. Statistical Analysis of Test Results 
 
Mixture Type Room-Temperature High-Temperature 
Mean Rank Mean Rank 
70CO 82.1% A/B 70.3% A 
70PG5P 77.1% B 67.9% A 
70PG5Rej8 82.3% A 67.7% A 
MCRej8 71.4% A/B 53.1% B 
 
4.5.2.4 Stiffness Recovery. Besides evaluating the healing efficiency of the mixtures, a 
comparison between the undamaged, damaged and healed stiffness was performed. Figure 4.7(a) 
shows the undamaged and healed stiffness ratios in reference to the undamaged stiffness for 
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room-temperature healing condition.  As shown in this figure, there was a recovery in the 
stiffness of the mixtures as the healed stiffness was greater than the damaged stiffness but less 
than the undamaged stiffness, an exception is with mixture 70CO where the healed stiffness was 
greater than the undamaged stiffness.  A greater stiffness recovery was observed at high-
temperature as shown in Figure 4.7(b).  Figure 4.7(b) shows that the healed stiffness values from 
all mixtures were higher than the undamaged and damaged stiffness.  This behavior could be 
explained by the aging process of the binder during the five-days conditioning period in the oven 
at a temperature of 50 ± 2°C. 
 
(a) 
Figure 0.7. Stiffness Ratio Recovery at (a) Room-temperature; and at (b) High-Temperature 

























4.6 Summary and Conclusions 
The objectives of this study were to characterize microcapsules containing an asphalt rejuvenator 
product as core material in order to test thermal and mixing stability and to evaluate self-healing 
efficiency of double-walled microcapsules through crack healing and stiffness recovery of 
damaged mixture specimens under two different healing conditions. Scanning electron 
microscopy was utilized to characterize the produced microcapsules and to evaluate thermal and 
mixing stability. Furthermore, an evaluation of self-healing efficiency was conducted using 
cracks induced through a strain-controlled three-point bending test at two healing conditions: 
room-temperature and high-temperature. Based on the results of the experimental program, the 
following conclusions may be drawn: 
SEM images showed that the developed microcapsules maintained their shape and did not break 
due to the exposure to high temperatures. In addition, TGA results showed that there is a small 























mix production.  SEM images also showed that the developed microcapsules did not break 
during mixing with the aggregates.  
An analysis of light microscope images revealed a reduction in the size of the cracks at both 
healing conditions for a period that spanned from day 0 to day 6. 
The healing efficiencies of the evaluated mixtures at room-temperatures reflected higher healing 
efficiency than at high-temperature for all mixtures. The lower healing efficiency of the 
specimens at high-temperature can be attributed to the aging process occurred in the binder due 
to the prolongated exposure to a high-temperature. 
The mix with microcapsule (MCRej8) had a lower healing efficiency than the mix with no RAS 
or the one with the rejuvenator blended directly with the mix ingredients.  This is because that 
not all microcapsules have broken during the test since microcapsules are expected to break over 
time and not all at once. 
There was a recovery in the stiffness of the mixtures as the healed stiffness was greater than the 
damaged stiffness but less than the undamaged stiffness.  A greater stiffness recovery was 
observed at high-temperature, which could be explained by the aging process during the five-
days conditioning period.   
Further laboratory evaluation of the prepared microcapsules is recommended.  Furthermore, 
future research study should evaluate the self-healing efficiency of the developed microcapsules 
in a full-scale asphalt pavement subjected to real traffic and environmental loadings. 
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CHAPTER 5. EVALUATION OF HOLLOW-FIBERS ENCAPSULATING A 




Asphalt pavements are the most common road types in the United States extending for more than 
2.6 million miles through the nation.  In the last 40 years, researchers have investigated 
innovative methods to reduce the virgin asphalt binder content in hot mix asphalt (HMA) due to 
the rising cost of petroleum-based products. In addition, a reduction of virgin asphalt binder in 
asphalt pavements would promote more sustainable construction operations by reducing the 
negative environmental impacts from carbon emissions during the refinery processes. Utilizing 
recycled materials such as recycled asphalt shingles (RAS) in HMA has emerged as a promising 
approach to promote more sustainable road construction in the nation. 
The use of 5% RAS per ton of HMA could result in savings between $1.00-2.80/ton as reported 
in a previous study [1]. In addition, studies have shown that using RAS could decrease the 
negative environmental impacts related to the extraction, transportation, and processing of virgin 
materials [2]. In spite of these benefits, the aged binder is the main challenge with using RAS in 
asphalt pavements as the performance against fatigue and thermal cracking may be negatively 
impacted [3]. The use of rejuvenator products has been suggested as a potential solution to 
address the negative effects of utilizing RAS in HMA. 
Asphalt rejuvenators have a high maltene content with the ability to recover the properties of the 
aged binder, and thus supporting the use of recycled materials [4, 5]. The effectiveness of a 
rejuvenating product is linked to the depth of penetration into the asphalt pavement layer, which 
has been shown to be about 20 mm [6]. Encapsulating a rejuvenating product has been suggested 
as a possible solution to uniformly dispersing the asphalt rejuvenator into a new asphalt mixture. 
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Self-healing concepts may be applied to an asphalt mixture by utilizing polymer fibers 
containing a rejuvenator. The proposed self-healing mechanism is promising, as it would allow 
an asphalt pavement to resist the initiation and propagation of cracks caused by vehicular and 
environmental loading. Furthermore, the restoration of aged binder properties may be achieved 
resulting in an enhancement in pavement performance. The development of polymer fibers 
containing a rejuvenator type product would promote the use of recycled materials by restoring 
the properties of the aged binder and improving the properties of HMA.   
5.2 Objectives 
The main objectives of this study were as follows: (1) Develop a synthesis procedure for the 
production of hollow-fibers containing a rejuvenator type product; (2) Identify the optimum 
production parameters that would enhance the thermal stability and the tensile strength of the 
developed fibers; and (3) Evaluate the rheological properties of asphalt binder blends with and 
without sodium-alginate fibers and with and without RAS extracted binder.   
5.3 Background 
5.3.1 Asphalt Rejuvenation 
The asphaltene to maltene ratio is an asphalt binder’s property that is affected by the aging and 
oxidation processes; the increase in this ratio negatively influences HMA performance against 
fatigue and thermal cracking [3, 7]. A promising solution to address the issues related to aging 
process is the use of a rejuvenating product. Asphalt rejuvenator products are used to restore the 
rheological properties of oxidized asphalt binder by diffusing into it and restore its colloidal 
structure and reconstitute its chemical components [8]. A rejuvenating product may also be used 
in a combination with a recycled material in order to increase the blending of aged and virgin 
binders and to enhance deformation capability; thereby, ultimately reducing the stiffness of the 
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aged binder.  Previous studies have concluded that asphalt rejuvenators are the most effective 
treatment to restore the properties of an aged binder [9].  In addition, asphalt rejuvenator 
products are recommended to be added to the asphalt binder during asphalt mixture production 
and not be used as a seal coat to avoid negative effects such as reduction in friction on the 
pavement and poor rejuvenation efficiency [6].   
5.3.2 Self-Healing Mechanisms in Asphalt Pavements 
The encapsulation of asphalt rejuvenators has emerged as an innovative idea to address the poor 
penetration of rejuvenator products. The concept of encapsulating a rejuvenator product is to 
release the product when the microcapsule breaks at a predefined stress.   
5.3.2.1 Microcapsules Containing Asphalt Rejuvenators. Aguirre et al. [10] developed single-
walled microcapsules containing a rejuvenator type product using melamine-formaldehyde as a 
shell material. The rejuvenator was selected based on Performance Grade (PG) test results of 
asphalt binder blends, which showed a positive influence at both high- and low-grade 
temperatures of the asphalt binder.  The authors also developed double-walled microcapsules 
containing sunflower oil as the rejuvenator using urea-formaldehyde/polyurethane as a shell 
material [11]. The study found that the addition of polyurethane improved the microcapsules 
stability at high-temperature and the ability to encapsulate liquids in the long-term.  A study 
evaluated the healing efficiency of HMA containing microcapsules with a rejuvenator product by 
performing a three-point bending test under two healing conditions: room temperature and high-
temperature [12]. An optical microscope was used to quantify the healing progress of cracked 
specimens as a function of time. The study reported a lower healing efficiency for the mixtures 
containing microcapsules compared to the control. Researchers concluded that a lower healing 
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efficiency of the mixtures containing microcapsules was observed as not all microcapsules broke 
during the test since they were designed to break over time and not all at once. 
5.3.2.2 Hollow-Fibers with Asphalt Rejuvenators. Hollow fibers containing an asphalt 
rejuvenator can be used to address the poor penetration of rejuvenator products into the asphalt 
mixture. Studies have shown that the addition of fibers into HMA would avoid undesirable 
decrease in binder stiffness, which may result from the addition of sand-like particles such as 
microcapsules containing a rejuvenating product [13, 14].  In addition, chemical compounds 
such as melamine-formaldehyde (i.e., microcapsules shell materials) are an environmental threat 
when used in large quantities, which can be avoided in the production of fibers.   
Alginate is a natural derived polysaccharide, which is extracted from brown sea algae.  Utilizing 
alginate, as shell material in fibers, is promising as the materials provide properties such as (1) 
water-solubility, (2) fast coagulation in the presence of divalent ions; and (3) adequate 
mechanical properties [15]. Alginate has been investigated as a shell material for the production 
of hollow-fibers containing liquid filled vacuoles [16]. The study successfully synthesized 
sodium-alginate fibers containing o-dichlorobenzene (DCB) via wet-spinning process. 
Furthermore, the results showed good thermal stability and high tensile strength of the developed 
fibers, which may offer the possibility to incorporate sodium-alginate fibers as self-healing 
products in asphalt pavement applications. 
5.4 Experimental Program 
5.4.1 Fiber’s Synthesis and Properties 
5.4.1.1 Chemicals. The core material of the fibers consisted of a green bio-oil product, from 
Sripath Technologies (density 0.919 g/cm3). The experimental program used sodium alginate as 
a shell material in the developed fibers. In addition, PEMA (ethylene-alt-maleic-anhydride) was 
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added as a surfactant in a 2.5 wt % aqueous solution.  Furthermore, ethylene glycol was 
incorporated in the present study as a plasticizer material. Lastly, the coagulation bath contained 
a 0.6 Molarity (M) solution of calcium chloride hexahydrate (CaCl2·6H2O).   
5.4.1.2 Production of Fibers. Mookhoek et al. presented a procedure to prepare hollow fibers 
containing o-dichlorobenzene (DCB) [16]. The hollow fibers were synthesized via wet-spinning 
process from an oil-in-water emulsion containing the shell material and the core material.  
Sodium alginate was selected as the shell material because it provides suitable properties such as 
water solubility, fast coagulation in the presence of divalent ions, and adequate mechanical 
properties [15]. 
For the production of the fibers, 5 g of sodium alginate was dissolved in 100 ml of de-ionized 
(DI) water using a high shear impeller at room temperature for 30 min.  In addition, a 2.5 wt % 
polymeric surfactant solution, PEMA, was prepared by dissolving the copolymer in water at 
70°C and mixing it for 60 min. The PEMA solution was allowed to cool down to room 
temperature.  A healing solution of PEMA/rejuvenator was prepared by mixing different 
percentages of PEMA by weight of rejuvenator.  PEMA was used to stabilize the healing 
solution.  The healing solution was then mixed with the sodium alginate solution at different 
rejuvenator-to sodium alginate ratios at 40 rpm for 20 sec.  Previous studies have identified that 
the size of the rejuvenator compartments can be controlled by modifying the stirring rate and 
stirring time of the final prepared solution [17]. The spinning of the fibers was conducted via a 
small-scale wet spinning pilot line. The pilot-size spinning line consisted of a motor controlled 
plunger-extruder and a motor controlled filament winder. A 100-ml syringe with an 18-gauge 
straight-cut needle was utilized to extrude the emulsion into the coagulation bath. The syringe 
was submerged into a coagulation bath containing a 0.6 M solution of calcium chloride 
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hexahydrate (CaCl2·6H2O) in water at room temperature. The coagulated fiber was leaded out of 
the coagulation bath and it was coiled on a plastic bobbin under slight tension at a constant rate 
matching that of the extrusion (i.e., draw ratio = 1). Afterwards, the bobbin with the fibers was 
placed inside a fume-cabinet at room temperature with air convection to dry slowly over at least 
a period of 48 hours before further testing. 
5.4.1.3 Fibers Characterization. The study employed a Scanning Electron Microscope (SEM-FEI 
Quanta 3D FEG Dual Beam SEM/FIB) to evaluate the morphology of the produced fibers. 
Fibers were sprinkled on top of a double-sided tape attached to a pin stub specimen mount and 
sputter-coated with platinum for four minutes before imaging. The specimens were examined 
under a secondary electron mode at an accelerated voltage of 5 kV.   
5.4.2 Optimization of Production Parameters for Fiber Synthesis 
The objective of the optimization process was to evaluate the thermal stability and tensile 
strength of the fibers prepared according to Table 5.1 in order to assess their resistance to HMA 
production processes. Different fiber samples were prepared using different production 
parameters, which varied the percentage of emulsifier (i.e., PEMA), percentage of plasticizer 
(i.e., ethylene glycol), and the amount of rejuvenator used. The different percentages of 
emulsifier were expected to affect the stability of the solution between the rejuvenator product 
and the encapsulating material.  Furthermore, the study assessed the effects of adding a 
plasticizer into the healing solution to study its influence on the thermal stability of the 
developed fibers. In addition, different ratios of rejuvenator to encapsulating material were 
evaluated in the experimental matrix to determine its effects on both thermal stability and tensile 




Table 0.1. Test Matrix for Fiber’s Optimization 
 
Sample ID 






Fiber1 1:1.5 30 - 
Fiber2 1:1.5 40 - 
Fiber3 1:1.5 50 - 
Fiber4 1:1.5 30 10 
Fiber5 1:1.5 30 20 
Fiber6 1:1.5 30 30 
Fiber7 1:1.5 30 40 
Fiber8 2:1 30 10 
Fiber9 2:1 30 40 
Fiber 10 3:1 30 10 
Fiber 11 3:1 30 40 
 
5.4.2.1 Thermogravimetric Analysis (TGA). Adequate thermal stability is needed for the fibers 
to resist high-temperature during asphalt mixture production.  Thermal stability was evaluated by 
performing a Thermogravimetric Analysis (TGA) with a rate of 10.00°C/min from room 
temperature (i.e., 25°C) to 600°C for the developed fibers to determine their high-temperature 
degradation rate.   
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5.4.2.2 Tensile Strength. Tensile strength was assessed to evaluate the fibers resistance to 
breakage during the mixing processes. Based on the literature, the fibers should have an Ultimate 
Tensile Strength (UTS) higher than 12 MPa to resist typical pressure during asphalt mixture 
production processes [18, 19]. The UTS of the developed fibers was tested in tension using a 
force testing system with a 50 N load cell. Based on a previous study, the selected crosshead 
speed was 5.0 mm/s [20]. Prior to testing, the developed fibers were aligned within a custom 
paper window with a window gauge length of 66 mm. Super glue was used to fix the fibers in the 
paper window to avoid any undesirable deformation outside of the window gauge. Furthermore, 
the paper window was clamped in the tensile machine using two fixed grips. Finally, the paper 
window was cut and without any preload in the fibers, the tensile test was performed in a 
constant rate.   
5.4.3 Evaluation of the Rheological Properties of Asphalt Binder Blends with Fibers 
The objective of this phase of the study was to assess the effects of adding sodium-alginate fibers 
on asphalt binder blends containing RAS. An unmodified and SBS-polymer modified asphalt 
binder classified as PG 64-22 and PG 70-22 were blended with 5% RAS, post-consumer waste 
shingles (PCWS), by weight of the binder and different contents of fibers as shown in Table 5.2.  
5.4.3.1 Performance Grading (PG Grading). The asphalt binder from the recycled material (i.e., 
PCWS) was added to selected asphalt blends at 5% by total weight of asphalt binder and was 
extracted in accordance with AASHTO T 164 [21].  Afterward, the solution obtained from 
AASHTO T 164 —Method A [21] was distilled to a point where most of the solvent was 
removed and then carbon dioxide gas was introduced to remove all traces of trichloroethylene. 
This procedure was conducted in accordance with AASHTO R 59 [22].  The recovered asphalt 
binder was then blended with virgin binder at a 5% dosage rate.  The asphalt binder blends 
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shown in Table 5.2 were prepared by mixing virgin binder with the produced fibers and extracted 
binder at a mixing temperature of 163°C. The different asphalt blends were prepared by using a 
Silverson high-shear blender at 3,600 rpm for 30 minutes at a mixing temperature of 163°C to 
achieve good mixing and dispersion of the fibers and extracted binder in the different asphalt 
binder blends.   
The rheological properties of the different asphalt binder blends in Table 5.2 were characterized 
using fundamental rheological tests (i.e., dynamic shear rheometer and bending beam rheometer) 
and by comparing the PG of the modified blends to the unmodified asphalt binder (Blend1) and 
modified asphalt binder (Blend6) in accordance to AASHTO M 320 [23].   
Table 0.2. Test-Matrix for Optimization of Content of Fibers in Asphalt Binder 
 
Blend ID Asphalt Binder RAS Content Fiber Content (%) 
Blend1 PG 64-22 - - 
Blend2 PG 64-22 5% PCWS - 
Blend3 PG 64-22 5% PCWS 1% 
Blend4 PG 64-22 5% PCWS 3% 
Blend5 PG 64-22 5% PCWS 5% 
Blend6 PG 70-22 - - 
Blend7 PG 70-22 5% PCWS - 
Blend8 PG 70-22 5% PCWS 1% 
Blend9 PG 70-22 5% PCWS 3% 
Blend10 PG 70-22 5% PCWS 5% 
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5.4.3.2 Multiple Stress Creep Recovery (MSCR). The rutting resistance of the asphalt blends was 
characterized by conducting the MSCR test.  The MSCR tests consisted of applying creep and 
recovery periods to measure the percentage of recovery and non-recoverable creep compliance 
(Jnr). The MSCR was performed in accordance to AASHTO TP 70 [24] at a testing temperature 
of 67°C. The test consists of applying low stress (0.1 kPa) for 10 creep/recovery cycles with a 
subsequent stress increase to 3.2 kPa for 10 additional cycles.   
5.4.3.3 Linear Amplitude Sweep (LAS). The fatigue resistance of the asphalt blends was 
characterized by conducting the LAS test.  The LAS tests consisted of applying cyclic loading 
employing systematic, linearly increasing load amplitudes. The LAS was performed in 
accordance to AASHTO TP 101 [25] in samples aged using RTFO and PAV to simulate the 
aging for in-service asphalt pavements. LAS test was conducted to determine two fatigue 
parameters (“a” and “b”) based on the asphalt binder fatigue law (𝑁𝑓 = 𝑎 𝑥 𝛾𝑚𝑎𝑥
𝑏). The LAS 
test consisted in two steps: (1) a frequency sweep test at a low strain amplitude of 0.1% is used to 
obtain undamaged material properties (parameter “b” of fatigue law); and (2) an amplitude 
sweep test with a series of cyclic loading at systematically linearly increasing strain amplitudes 
at a constant frequency of 10 Hz is used to determine the parameter “a” of the fatigue law 
through the viscoelastic continuum damage (VECD) mechanics analysis.  
5.4.3.4 Complex Shear Modulus, |G*|. Frequency sweeps were performed at temperatures 
ranging between 4.4°C to 54.4°C and frequencies between 0.1 to 100 radians/second to evaluate 
the complex shear modulus (|G*|) of the prepared asphalt binder blends presented in Table 5.2. 
This dynamic test consists of applying a sinusoidal strain to the specimen and the resulting stress 
is measured as a function of frequency in the dynamic mechanical analysis. A previous study has 
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found that the dynamic mechanical properties are directly related to the creep properties of the 
asphalt binders [26]. 
5.4.4 Chemical Analysis of Asphalt Binder Blends with Fibers 
5.4.4.1 Fourier Transform Infrared Spectroscopy (FTIR). A Bruker Alpha FT-IR spectrometer 
(alpha) was utilized to obtain the FTIR spectra for the evaluated binder blends. An OPUS 7.2 
data collection programme was used for the data analysis. The following settings were used for 
data collection: 32 scans per sample, spectral resolution 4 cm-1 and a wave number range 4000-
500 cm-1. Approximately 1% solution of mix samples was made in carbon disulphide (CS2) 
solvent and filtered using a 0.2 μ filter. A few drops of the solution were kept on the diamond 
crystal and allowed to evaporate the solvent. Spectrum was collected afer the complete 
evaporation of the solvent. The effects of adding fibers in the blends was analyzed by estimating 
the carbonyl index suggested from previous studies [27]. Eq. (5.1) was used to determine the 
carbonyl index for the evaluated binder blends. 
Carbonyl Index (ICO) =  
Area around 1700 cm−1
Area around 1460 cm−1 and Area around 1375 cm−1
                                  (5.1) 
5.5 Results and Analysis 
5.5.1 Sodium-Alginate Fibers with Rejuvenator 
Sodium-alginate fibers containing a commercial bio-oil product as the core material were 
prepared.  The first part of the study consisted of the optimization process of sodium-alginate 
fibers by varying the production parameters and determining the effects of each parameter on the 
thermal stability and tensile strength of the developed fibers. The following production 
parameters were varied: percentage of emulsifier (i.e.  PEMA), percentage of plasticizer (i.e.  
Ethylene glycol), and amount of rejuvenators used. 
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5.5.1.1 Thermogravimetric Analysis (TGA). The thermal stability of the produced fibers was 
analyzed using TGA. The evaluated parameter in TGA was the percentage weight retained at 
163°C. Table 5.3 summarizes the TGA analysis for the different sodium-alginate fibers. As 
shown in Table 5.3, sodium alginate fibers with no additives (Control) were prepared and tested, 
which retained 68.6% of the initial weight at elevated temperature (i.e., 163°C). The increase in 
the emulsifier content from 30 to 50% (i.e., Fiber 1, Fiber 2, and Fiber 3) had a negative impact 
on the percentage weight retained as Fiber 3 had a lower weight retained (i.e., 67.3%) compared 
to Fiber 1 and Fiber 2 (76.2% and 77.3%, respectively). It was also observed that the addition of 
Ethylene glycol as plasticizer at a dosage rate of 10% and 40% had a positive effect in the 
percentage weight retained (i.e., 82.1 and 81.5%, respectively) compared to adding the 
plasticizer material at a dosage rate of 20 and 30% (i.e., 77.1 and 76.9%, respectively). 
Increasing the rejuvenator to shell material ratio from 1:1.5 to 2:1 and 3:1 resulted in the highest 
percentage weight retained in Fiber 11 with 88.1% weight retained of the initial weight.   
Table 0.3. Optimization Test Results of Sodium-Alginate Fibers 
 
Sample ID 
TGA Test Results 
UTS Test Analysis 






Mean STDEV Mean STDEV Mean STDEV 
Fiber 1 163 76.2 3.5 1.3 16.0% 11.5% 91.1 63.0 
Fiber 2 163 77.3 1.3 0.3 8.4% 4.1% 22.6 7.3 
Fiber 3 163 67.3 1.9 0.6 8.8% 4.6% 35.9 19.8 
Fiber 4 163 82.1 11.4 6.1 24.1% 13.3% 457.9 434.7 
Fiber 5 163 77.1 12.1 2.9 23.4% 14.0% 404.7 69.5 








Mean STDEV Mean STDEV Mean STDEV 
Fiber 6 163 76.9 23.0 8.1 11.1% 10.8% 1844.3 847.6 
Fiber 7 163 81.5 28.4 3.7 4.2% 1.5% 2456.4 240.0 
Fiber 8 163 86.2 22.7 4.1 4.8% 1.9% 1914.2 275.2 
Fiber 9 163 87.6 9.9 1.6 12.3% 4.1% 687.1 200.4 
Fiber 10 163 87.5 7.3 0.9 21.9% 9.8% 516.2 75.7 
Fiber 11 163 88.1 14.7 4.2 5.2% 3.0% 1165.1 433.5 
Control 163 68.6 N/A 
 
5.5.1.2 Tensile Strength. Tensile strength was measured to evaluate the fibers resistance to 
breakage during the mixing process. The tensile test setup is shown in Figure 5.1(a). Figure 
5.1(b) shows a broken sodium alginate fiber after a tensile test was performed. 
 
                    
(a)                                                      (b) 
 
Figure 0.1. (a) Tensile Test Setup for Sodium-Alginate Fibers and (b) Broken Sodium-Alginate 
Fiber 
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The results from the UTS test are presented in Table 5.3. Ten fibers from three different batches 
for each prepared fiber type were tested. As discussed earlier, a UTS higher than 12 MPa is 
desirable, as it has been reported to be the tensile strength needed to resist typical stresses during 
asphalt mix production processes [18, 19].  It is noted from the results presented in Table 5.3 that 
Fiber 6, Fiber 7, Fiber 8, and Fiber 11 successfully satisfied the 12 MPa UTS requirement at a 
range of Mean ± STDEV. In addition, a relationship was noticed between UTS and ductility as 
higher UTS was measured at lower failure strain percentages as shown when comparing Fiber 4 
vs. Fiber 7 (i.e., 24.1% and 4.2%, respectively).  Furthermore, the stiffness of the fibers was 
calculated from the slope of the linear equation from the steepest part of the load-deformation 
curve.  The stiffness analysis showed that there is relation between the UTS and stiffness as 
stiffness increased with the increase in UTS.   
5.5.1.3 Optimum Preparation Procedure for Sodium-alginate Fibers Containing Rejuvenator. 
Different rejuvenator to shell material ratios, emulsifier content percentages, and plasticizer 
content percentages were evaluated to select the optimum parameters to produce sodium-alginate 
fibers containing a rejuvenator product. Based on the aforementioned results, a rejuvenator to 
shell material ratio of 1:1.5, a 30% emulsifier content, and 40% plasticizer content were selected 
as the optimum production parameters for the fiber synthesis (i.e., Fibers 7), Table 5.1. These 
production parameters were selected based on the results from TGA and UTS. Figure 5.2(a) 
shows a SEM picture of the selected fibers. It is noticed in Figure 5.2(a) that the developed fibers 
had a rough morphology, which may improve the bonding of the fibers with the asphalt binder. 
In addition, the strain-hardening property of the developed fibers is shown in the load-
deformation plot obtained from the UTS test in Figure 5.2(b).  Lastly, the TGA results for Fibers 
7 are shown in Figure 5.2(c). 
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5.5.2 Effects of Fibers on the Binder Rheological Properties 
Ten asphalt binder blends were prepared and evaluated in this study to assess the effects of the 
addition of sodium-alginate fibers containing a rejuvenating product on the rheological 
properties of the binder blends as compared to the unmodified and SBS-polymer modified 
asphalt binders.  In addition, an extracted binder from a recycled material (i.e., PCWS) was 
added at 5% by weight of the virgin binder as shown in Table 5.2. A Silverson mechanical stirrer 
was used at 3,600 rpm for 30 minutes and at a mixing temperature of 163°C to achieve good 
mixing and dispersion of the fibers and extracted binder in the asphalt binder blends. It is noted 
that the length of the fibers was less than 1 mm, which should not affect the rheological testing 
procedure for the prepared asphalt binder blends. Table 5.4 and Table 5.5 present the measured 
rheological properties of the asphalt binder blends based on laboratory testing conducted using a 
Dynamic Shear rheometer (DSR) and Bending Beam Rheometer (BBR).   
 
  
(a)                                                             (b)      
 
 
Figure 0.2. Fibers with Optimum Parameters (a) SEM Picture with 65x Magnification, (b) UTS 
Test Results, and (c) TGA Test Results 
 























Table 0.4. Rheological Test Results of Asphalt Binder Blends Prepared with PG 64-22 
 
Test Specification Temperature  Blend1 Blend2 Blend3 Blend4 Blend5 
Test on Original Binder 
DSR (G*/sinδ), 10 rad/s, 
AASHTO T315 
>1.0 kPa 64 ºC 1.92 2.73 2.68 2.42 2.19 
DSR (G*/sinδ), 10 rad/s, 
AASHTO T315 
>1.0 kPa 70 ºC 0.88 1.24 1.24 1.13 1.02 
DSR (G*/sinδ), 10 rad/s, 
AASHTO T315 
>1.0 kPa 76 ºC - 0.61 0.62 0.56 0.509 
Test on RTFO 
DSR (G*/sinδ), 10 rad/s, 
AASHTO T315 
>2.2 kPa 64 ºC 3.75 - - - - 
DSR (G*/sinδ), 10 rad/s, 
AASHTO T315 
>2.2 kPa 70 ºC 1.68 2.55 2.53 2.38 2.35 
DSR (G*/sinδ), 10 rad/s, 
AASHTO T315 
>2.2 kPa 76 ºC - 1.2 1.19 1.14 1.12 
Test on RFTO+PAV 
DSR (G*.sinδ), 10 rad/s, 
AASHTO T315 
<5000 kPa 25 ºC 3920 4885 4110 4460 2405 
DSR (G*.sinδ), 10 rad/s, 
AASHTO T315 
<5000 kPa 22 ºC 5795 6925 5910 6465 3515 
DSR (G*.sinδ), 10 rad/s, 
AASHTO T315 
<5000 kPa 19 ºC - - - - 5015 
BBR (Stiffness) 
AASHTO T313 
<300 MPa -12 197 189.5 196 196 151 
 



























Temperature (°C)  
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Test Specification Temperature Blend1 Blend2 Blend3 Blend4 Blend5 
BBR (Stiffness) 
AASHTO T313 
<300 MPa -18 351 360 414 356 281 
BBR (m-value) 
AASHTO T313 
>0.3 -12 0.312 0.302 0.3 0.3 0.306 
BBR (m-value) 
AASHTO T313 
>0.3 -18 0.268 0.264 0.263 0.274 0.28 
PG- Grading -------- -------- 64-22 70-22 70-22 70-22 70-22 
Continuous PG- Grading -------- -------- 68-23.6 71.8-22.3 71.4-22 70.9-22 70.3-23.4 
 
Table 0.5. Rheological Test Results of Asphalt Binder Blends Prepared with PG 70-22 
 
Test Specification Temperature Blend6 Blend7 Blend8 Blend9 Blend10 
Test on Original Binder 
DSR (G*/sinδ), 10 
rad/s, AASHTO 
T315 
>1.0 kPa 70 ºC 1.77 2.65 2.91 2.35 2.58 
DSR (G*/sinδ), 10 
rad/s, AASHTO 
T315 
>1.0 kPa 76 ºC 0.97 1.44 1.56 1.29 1.42 
Test on RTFO 
DSR (G*/sinδ), 10 
rad/s, AASHTO 
T315 
>2.2 kPa 70 ºC 3.23 4.39 4.43 3.59 4.48 
DSR (G*/sinδ), 10 
rad/s, AASHTO 
T315 
>2.2 kPa 76 ºC 1.73 2.36 2.34 1.93 2.38 
Test on RFTO+PAV 
DSR (G*.sinδ), 10 
rad/s, AASHTO 
T315 
<5000 kPa 25 ºC 3180 3030 3715 3320 2690 
DSR (G*.sinδ), 10 
rad/s, AASHTO 
T315 
<5000 kPa 22 ºC 4660 4525 5340 4840 3900 
DSR (G*.sinδ), 10 
rad/s, AASHTO 
T315 
<5000 kPa 19 ºC 6620 6505 - 6860 5550 
BBR (Stiffness) 
AASHTO T313 
<300 MPa -12 178 161 180 156.5 145 
BBR (Stiffness) 
AASHTO T313 
<300 MPa -18 317 323 384 328.5 281 
 
Table 5.5. Cont’d 
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Test Specification Temperature Blend6 Blend7 Blend8 Blend9 Blend10 
BBR (m-value) 
AASHTO T313 
>0.3 -12 0.336 0.330 0.309 0.329 0.314 
BBR (m-value) 
AASHTO T313 
>0.3 -18 0.290 0.275 0.26 0.272 0.273 
PG- Grading -------- -------- 70-22 76-22 76-22 76-22 76-22 
Continuous PG- 
Grading 
-------- -------- 74.7-26.7 78.2-25.3 80.6-23.1 78.6-25.1 79.7-25.1 
 
5.5.2.1 High-Temperature Performance Grade. Results presented in Table 5.4 indicate that the 
addition of 5% PCWS caused stiffening of the virgin binder at high-temperature from PG 64-22 
to PG 70-22 (i.e., Blend1 and Blend2, respectively). In addition, results in Table 5.4 indicate that 
the addition of fibers did not affect the high-temperature grade compared to Blend2. However, 
the continuous PG grading exhibited a decrease in the high-temperature performance grade 
(HTPG) with the addition of the fibers from 71.8°C for Blend2 to 70.3°C for Blend5. The 
reduction in the HTPG is possibly due to the release of some rejuvenator materials from the 
fibers while preparing the asphalt binder blends and during testing.  
A similar increase in the high-temperature grade was observed with the addition of 5% PCWS 
between Blend6 and Blend7 as the PG grading increased from PG 70-22 to PG 76-22, 
respectively as shown in Table 5.5. However, it is shown that the addition of fibers did not 
decrease the HTPG of the binder blends prepared with PG 70-22 as it was observed for the 
blends prepared with PG 64-22.  
Overall, the results presented in Table 5.4 and Table 5.5 indicate that the addition of fibers did 
not considerably affect the final temperature at both high and low temperature grades compared 
to the asphalt binders containing 5% PCWS extracted binder by weight of the total binder, (i.e., 
Blend2 and Blend7).   
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5.5.2.2 Rut Factor, G*/sinδ. Results presented in Table 5.4 show an improvement in G*/sinδ for 
the unaged binder (PG 64-22) at 70ºC with the addition of the fibers as G*/sinδ decreased from 
1.24 kPa (i.e., Blend2) to 1.13 kPa (i.e., Blend4) and 1.02 kPa (i.e., Blend5). A similar trend was 
observed with the Rolling-Thin Film Oven (RTFO) samples where G*/sinδ at 70ºC decreased 
from 2.55 kPa (i.e., Blend2) to 2.53 kPa (i.e., Blend3), 2.38 kPa (i.e., Blend4), and 2.35 kPa (i.e., 
Blend5). The decrease in G*/sinδ with the addition of the fibers indicates that the fibers are 
counteracting the negative effects of adding aged binder from the recycled shingles. 
Similarly, results presented in Table 5.5 show a decrease in G*/sinδ for the unaged binder (PG 
70-22) at 70ºC with the addition of the fibers as G*/sinδ decreased from 1.56 kPa (i.e., Blend7) 
to 1.29 kPa (i.e., Blend9). However, the addition of 5% fibers in Blend10 resulted in an increase 
in G*/sinδ compared to Blend9 from 1.29 kPa to 1.42 kPa. A similar trend was observed for the 
short-term aged binder where G*/sinδ at 70ºC decreased from 4.39 kPa (i.e., Blend7) to 3.59 kPa 
(i.e., Blend9), but the addition of 5% fibers resulted in an increase in G*/sinδ to 4.48 kPa (i.e., 
Blend10). 
5.5.2.3 Fatigue Factor, G*sinδ. The softening effect due to the addition of fibers was also 
observed in the fatigue factor (G*sinδ at 25ºC) for the long-term aged asphalt binder blends as it 
decreased from 4,885 kPa (i.e., Blend2) to 2,405 kPa (i.e., Blend5) as shown in Table 5.4. The 
addition of 5% fibers in the asphalt binder blends prepared with PG 64-22 resulted in the lowest 
fatigue factor at 25ºC (i.e., 2,405 kPa) suggesting a decrease in the fatigue cracking susceptibility 
of the virgin binder (PG 64-22).   
A similar trend was observed in Table 5.5 where the fatigue factor (G*sinδ at 25ºC) for the long-
term aged asphalt binder blends prepared with PG 70-22 decreased from 3,030 kPa (i.e., Blend7) 
to 2,690 kPa (i.e., Blend10). In addition, a lower fatigue factor was observed for the asphalt 
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binder blend with 5% fibers (i.e., Blend10) as compared to the virgin binder PG 70-22 (i.e., 
Blend6) suggesting a more resistance asphalt binder against fatigue cracking.  
5.5.2.4 Low-Temperature Performance Grade. The addition of 5% of fibers by weight of virgin 
binder (i.e., Blend5) resulted in an improved performance in the BBR test at -18ºC where the 
stiffness decreased from 351 MPa (i.e., Blend1) to 281MPa and the m-value increased from 
0.264 (i.e., Blend1) to 0.280 as sown in Table 5.4. Furthermore, the addition of 5% fibers in 
Blend5 improved the low-temperature grade compared to Blend2 decreasing it from -22.3ºC to -
23.4ºC, which was close to the low-temperature grade for the control asphalt blend for PG 64-22 
(i.e., -23.6ºC).   
Table 5.5 shows a similar trend for the asphalt binder blends prepared with PG 70-22 where the 
addition of 5% of fibers decreased the stiffness at -18ºC from 317 MPa (i.e., Blend6) to 281 MPa 
(i.e., Blend10). However, the m-value of Blend10 (i.e., 0.273) did not improve compared to the 
virgin binder PG 70-22 (i.e., 0.290) at -18ºC in the BBR test. The addition of the fibers did also 
not improve the continuous low-temperature grade of the binder blends prepared with PG 70-22 
in contrast to the improvement observed in the binder blends prepared with PG 64-22.  
5.5.2.5 Multiple Stress Creep Recovery (MSCR). Table 5.6 indicates that the addition of 5% 
extracted binder from RAS positively improved the rutting resistance of the asphalt binder blend, 
Blend2, compared to Blend1 as the non-recoverable creep compliance (Jnr) decreased from 3.47 
kPa-1 to 2.32 kPa-1 at a stress level of 0.1 kPa and from 3.77 kPa-1 to 2.6 kPa-1 at a stress level of 
3.2 kPa.  A similar reduction in the Jnr values was observed with the asphalt binder blend 
prepared with 1% fibers, Blend3. The addition of 3 and 5% fibers reduced the rutting resistance 
of the asphalt binder blends as the Jnr values for both 0.1 kPa and 3.2 kPa stress levels increased 
compared to the Blend2; however, both blends (i.e., Blend4 and Blend5) had better rutting 
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resistance compared to the virgin binder PG 64-22 (i.e., Blend1) based on the Jnr values. It was 
also noticed that the addition of 5% fibers increased the elasticity of the binder as the percentage 
of recovery at a stress level of 0.1 kPa was the greatest (i.e., 4.99%) compared to the other 
asphalt binder blends presented in Table 5.6. 
The improved rutting resistance with the addition of extracted binder from RAS was also 
observed in the asphalt binder blends prepared with PG 70-22 where the Jnr decreased from 0.803 
kPa-1 to 0.636 kPa-1 at a stress level of 0.1 kPa and from 1.195 kPa-1 to 0.899 kPa-1 at a stress 
level of 3.2 kPa as shown in Table 5.7 for Blend6 and Blend7. An improvement against 
permanent deformation was observed with the addition of 5% fibers as the Jnr decreased at both 
stress levels compared to the virgin binder PG 70-22 as shown in Table 5.7. The addition of 5% 
fibers in Blend10 also resulted in the highest percentage of recovery at both 0.1 Pa and 3.2 kPa 
stress levels with 59.5% and 48.8% compared to the remaining asphalt binder blends shown in 
Table 5.7. The increase in percentage of recovery in Blend10 suggests an asphalt binder blend 
with a better performance against permanent deformation.  




Jnr0.1 @ 67 °C, 
kPa-1 








Blend1 3.47 3.77 8.65 1.62 -0.50 
Blend2 2.32 2.60 12.31 4.86 0.58 
 
Table 5.6. Cont’d 
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Blend ID 
Jnr0.1 @ 67 °C, 
kPa-1 







Blend3 2.34 2.62 11.98 4.82 0.56 
Blend4 2.59 2.93 12.35 4.00 0.28 
Blend5 2.54 2.89 13.90 4.99 0.42 
 




Jnr0.1 @ 67 
°C, 
kPa-1 









Blend6 0.803 1.195 48.82 49.10 30.17 
Blend7 0.636 0.899 41.52 45.47 28.36 
Blend8 0.667 0.901 35.08 40.85 25.12 
Blend9 0.736 1.035 41.06 42.28 24.86 
Blend10 0.662 0.952 43.69 59.54 48.75 
 
5.5.2.6 Linear Amplitude Sweep (LAS). Figure 5.3 shows the A parameter of the fatigue law of 
the evaluated binder blends. The A parameter is related to the storage modulus of the binder 
blends, which indicates the ability of the binder to keep its integrity during loading cycles and 
due to accumulated damage. Figure 5.3(a) shows that the addition of RAS to virgin binder PG 
64-22 resulted in a decreased in the A parameter which indicates a decrease in the ability of the 
binder to resist damage. However, it can be observed in Figure 5.3(a) that the addition of 
 143 
sodium-alginate fibers enhanced the ability of Blend5 to resist damage as an increased in the A 
parameter was observed. Figure 5.3(b) shows that the addition of RAS in virgin binder PG 70-22 
did not have a negative effect in the ability of the blend to resist damage as an increased in the A 
parameter was observed compared to Blend6.  
Figure 5.4 shows the B parameter of the fatigue law of the evaluated binder blends. The B 
parameter is related to the sensitivity of the binder to the change in strain level. Figure 5.4(a) 
shows that the evaluated binder blends prepared with binder PG 64-22 have a similar B 
parameter, which indicates that the addition of RAS and fibers did not have any effect in the rate 
of deterioration of the virgin binder as strain levels increases. A similar behavior is observed in 
Figure 5.4(b) for the binder blends prepare with binder PG 70-22. However, it is possible to 
observe in Figure 5.4 that the addition of SBS polymer in binder PG 70-22 resulted in a decrease 
in the absolute value of B parameter, which indicates that binder PG 70-22 would have a lower 
deterioration rate than binder PG 64-22.  
Figure 5.5 shows the number of cycles to failure (Nf) at 2.5% and 5% strain levels of the 
evaluated binder blends. Figure 5.5(a) shows a decrease in the number of cycles to failure at both 
strain levels with the addition of RAS in Blend2 compared to virgin binder PG 64-22. However, 
it is shown in Figure 5.5(a) that the addition of fibers resulted in an enhancement in the fatigue 
resistance of Blend5 as the Nf increased for both strain levels compared to Blend1 and Blend2. 
Figure 5.5(b) shows that the addition of RAS and fibers did not have any effect in the Nf of 
blends prepared with binder PG 70-22. The presence of SBS polymer in binder PG 70-22 could 










Figure 0.3. “A” Parameter of Fatigue Law: (a) Asphalt Blends Prepared with PG 64-22, and (b) 





















































Figure 0.4. Absolute “B” Parameter of Fatigue Law: (a) Asphalt Blends Prepared with PG 64-22, 










































Figure 0.5. Number of Cycles to Failure (Nf): (a) Asphalt Blends Prepared with PG 64-22, and 
(b) Asphalt Blends Prepared with PG 70-22 
 
5.5.2.7 Complex Shear Modulus, |G*|. The purpose of the complex shear modulus |G*| is to 
evaluate the visco-elastic response characteristics of the evaluated binder blends over a given 




































































test temperatures (5.4, 25, 37.8, and 54.4 ºC) and 16 frequencies (0.02, 0.03, 0.04, 0.06, 0.10, 
0.16, 0.25, 0.40, 0.63, 1, 1.59, 2.52, 4, 6.34, 10, and 15.90 Hz) for binder blends prepared with 
binder PG 64-22 and PG 70-22. The reference temperature was 25 ºC. Figure 5.6(a) shows the 
complex shear modulus (|G*|) for the asphalt binder blends prepared with PG 64-22. Results 
indicate that Blend2 would be the asphalt binder blend that is the most susceptible to low-
temperature cracking as it had the highest |G*| values at high frequencies. The addition of 1% 
and 3% of fibers showed a reduction in |G*|values at high frequencies compared to Blend2, 
which suggests a better performance at low-temperatures. The addition of 5% fibers in Blend5 
resulted in the asphalt binder blend with the lowest |G*| values at intermediate temperature 
suggesting a reduction in fatigue cracking susceptibility. Furthermore, Figure 5.6(a) suggests that 
the addition of 1% fibers in Blend3 would provide a better rutting performance as it had the 
highest |G*| values at low frequencies compared to the other asphalt binder blends prepared with 
PG 64-22.  
Figure 5.6(b) suggests that Blend6 would be the binder blend that is the most susceptible to low-
temperature cracking as it had the highest |G*| values at high frequencies compared to the rest of 
blends prepared with PG 70-22. However, it was observed that the addition of fibers and RAS 
resulted in lower |G*| values at high frequencies suggesting a better performance at low-
temperature than Blend6. Furthermore, it is shown in Figure 5.6(b) that the addition of 3% fibers 
reduced the negative effect of adding extracted binder from RAS as the |G*| values at 
intermediate temperature from Blend9 were lower than for Blend7. In addition, it is shown that 
the addition of 1% fibers in Blend8 resulted in the highest |G*| values at low frequencies similar 
to Figure 5.6(a), which implies a better rutting performance as compared to the other asphalt 






Figure 0.6. Complex Shear Modulus (|G*|) (a) Asphalt Blends Prepared with PG 64-22, and (b) 
Asphalt Blends Prepared with PG 70-22 
 
Figure 5.7 shows the black diagrams for the evaluated binder blends. Black diagrams shows the 













































temperature or frequency. Figure 5.7(a) shows that the black diagrams for binder blends prepared 
with binder PG 64-22 have a similar behavior except for Blend2 and Blend 5 at low phase angles 
values. An increased in |G*| values at lower phase angles are observed for Blend2 and Blend5, 
which could explain the higher |G*| values observed for these blends in Figure 5.6(a) at high-
frequencies levels. The black diagrams for binder blends prepared with binder PG 70-22 are 
shown in Figure 5.7(b). Figure 5.7(b) shows that the addition of 5% fiber resulted in a change in 
the behavior compared to the other evaluated binders. The modification is pronounced at high 
phase angles when Blend10 starts to have a viscous behavior. Also, the change of shape in the 
black diagram for Blend10 may be due a chemical reaction between the SBS polymer in the 
binder PG 70-22 and the shell material of the developed fibers. 
5.5.2.8 Optimum Content of Sodium-Alginate Fibers Containing Rejuvenator. Different sodium-
alginate fibers percentages were tested to select the optimum amount of fibers that would 
enhance the properties of the binder and reduce the negative effects of adding recycled materials 
(e.g., brittleness of aged binder). Based on the test results, a 5% content by weight of the binder 
was identified as the optimum fiber content. Blend10 showed an improvement in the rutting 
performance as the addition of 5% fibers increased the rut factor compared to the virgin binder 
(PG 70-22) indicating less susceptibility to permanent deformation. In addition, the improvement 
in rutting performance was observed in MSCR tests results where the addition of 5% fibers in 
Blend5 and Blend10 decreased the Jnr values at both stress levels compared to Blend1 and 
Blend6. Furthermore, performance improvement is expected at intermediate temperature for 
Blend5 and Blend10 compared to the virgin binders (PG 64-22 and PG 70-22) as the addition of 
5% fibers resulted in a lower fatigue factor based on DSR test results. Lastly, the low-
temperature performance of Blend5 and Blend10 was improved with the addition of 5% fibers as 
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a reduction in the stiffness was observed at -12ºC and -18ºC compared to the virgin binders (PG 





Figure 0.7. Black Diagrams (a) Asphalt Blends Prepared with PG 64-22, and (b) Asphalt Blends 














































5.5.3 Chemical Composition of Binder Blends with Fibers  
A FTIR test was performed in the binder blends containing 5% sodium-alginate fibers. The 5% 
fiber content was selected based on the improvement against permanent deformation, the 
decreased in the fatigue factor, and the reduction in stiffness at low-temperature observed in the 
binder tests results.  
5.5.3.1 Characterization of Oxidative Asphalt Aging. A FTIR spectrum was obtained from the 
evaluated binder blends to evaluate the formation of carbonyl molecules, which is related to the 
oxidation process in the aging process of asphalt binders. The Carbonyl Index (ICO) was 
calculated using eq. (5.1) to determine the effect of adding extracted binder from RAS and the 
addition of fibers in virgin binders. The ICO for the evaluated binder blends are shown in Figure 
5.8. 
Figure 5.8(a) suggests that that the addition of RAS in Blend2 resulted in an increased in the ICO 
compared to the virgin binder PG 64-22. The higher ICO index explained the increased in the 
HTPG observed in the PG grading results with the addition of 5% RAS. However, it is shown in 
Figure 5.8(a) that the addition of 5% fibers resulted in a decreased in the ICO index compared to 
Blend2. The softening effect observed in Blend5 could be explained by the release of the 
rejuvenator product during the blending preparation which resulted in the reduction in the ICO 
index and in the HTPG.  
Figure 5.8(b) shows the ICO index for the evaluated binder blends prepared with binder PG 70-
22. Similarly, as observed in bends with binder PG 64-22, the addition of RAS resulted in an 
increased in the ICO index in Blend7. Therefore, the addition of RAS resulted in an increased in 
the aging susceptibility of the blend due the addition of oxidized binder which explained the 
increased in the HTPG observed in the PG grading results. Also, it is seen in Figure 5.8(b) that 
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the addition of developed fibers did not decreased the ICO index as observed with binder PG 64-
22. It was possible fibers did not break during the blending process, which may explain the 





Figure 0.8. Carbonyl Index (ICO) (a) Asphalt Blends Prepared with PG 64-22, and (b) Asphalt 






























5.6 Summary and Conclusions 
The objectives of this study were to develop a synthesis procedure for the production of hollow-
fibers containing a rejuvenator product; identify the optimum production parameters that would 
enhance the thermal stability and the tensile strength of the fibers; and to evaluate the rheological 
properties of the asphalt binder blends containing PCWS and sodium alginate fibers.  The 
optimization procedure was conducted by performing UTS and TGA tests on fibers with 
different production parameters. Furthermore, an evaluation of the effect of the fibers on the 
rheological properties of asphalt binder was conducted by performing PG grading, MSCR test, 
LAS test and frequency sweep test. Lastly, chemical analyses were conducted to evaluate the 
effect of RAS and fibers in the chemical composition of the binder blends. Based on the results 
of the experimental program, the following conclusions may be drawn: 
The fibers prepared with a rejuvenator to shell material of 1:1.5, an emulsifier content of 30%, 
and a plasticizer content of 40% were selected as the optimum fibers as the TGA test results 
showed a good thermal stability at the mixing temperature (i.e., 163°C) with a weight retained 
percentage of 81.5%. In addition, these fibers had sufficient tensile strength (28.4 MPa) to resist 
the mixing and compaction processes of a HMA mixture. 
PG grading results showed an improvement at both high and low temperature performance with 
the addition of fibers compared to the asphalt binder blends with PCWS and no fibers. In 
addition, the BBR test results showed a reduction in the stiffness of the blends with fibers 
compared to the virgin binders (i.e., PG 64-22 and PG 70-22).  
The addition of sodium-alginate fibers resulted in an enhancement in the fatigue performance in 
binder blends prepared with PG 64-22 as an increased in the number of cycles to failure (Nf) was 
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observed. Binder blends prepared with PG 70-22 did not have any positive nor negative effect 
with the addition of RAS and developed fibers. 
An improvement in the viscoelastic behavior of asphalt blends with fibers was also observed in 
the MSCR test results with an increase in the percentage of recovery.  
 An enhancement in dynamic shear moduli was observed at both high and low frequencies with 
the addition of fibers. 
A decrease in the ICO index was observed with the addition of fibers in binder PG 64-22, which 
could be explained with the rejuvenating efficiency of the core material of the fibers. However, 
an increased in the ICO index was observed in blends prepared with binder PG 70-22. 
Future studies will evaluate the effects of hollow-fibers with rejuvenator on laboratory asphalt 
mixture performance. The effect in the volumetric and compaction requirements in asphalt 
mixtures containing the fibers will be evaluated in future studies. The mechanical properties of 
asphalt mixtures containing sodium-alginate fibers will be evaluated to assess the performance 
against common distresses such as rutting, fatigue cracking and low-temperature cracking. In 
addition, a self-healing experiment must be performed to evaluate the healing ability and strength 
recovery ability of the developed fibers in asphalt mixtures. A benefit-cost analysis should also 
be conducted for hollow fibers with rejuvenator. 
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CHAPTER 6. LABORATORY TESTING OF SELF-HEALING FIBERS IN 
ASPHALT MIXTURES PREPARED WITH RECYCLED MATERIALS 
 
6.1 Introduction 
The increasing need to construct new roads and to rehabilitate existing ones has increased the 
demand on petroleum and petroleum by-products, such as asphalt binder, which led to an 
increase in material costs and the environmental impacts associated with these products. The use 
of recycled materials has emerged as a sustainable solution to reduce cost by replacing virgin 
aggregate and binder and to reduce the impacts on ecological systems. However, the main 
challenge of incorporating recycled materials in asphalt mixtures is the level of blending between 
aged and virgin asphalt binders. The blending of both aged and virgin binders increases the 
susceptibility of an asphalt mixture to fatigue and thermal cracking due to the increase of the 
mixture’s stiffness and brittleness.   
Recycling agents, such as asphalt rejuvenators, have been evaluated to increase the blending 
between aged and virgin asphalt binders and to reverse the aging process in the recycled binder 
[1, 2]. Although rejuvenators can be directly applied on the pavement surface, spreading these 
products on the pavement surface has negative side effects such as the loss of skid resistance and 
poor penetration into the Asphalt Concrete (AC) layer [3]. Self-healing and encapsulation 
mechanisms have emerged as an innovative approach to disperse the rejuvenator product into the 
AC mix.  
Researchers have proposed the encapsulation of asphalt rejuvenators as a self-healing agent for 
asphalt pavement to restore the original properties of the aged binder and to improve the 
mechanical properties of asphalt mixtures. The encapsulation of asphalt rejuvenators in asphalt 
mixtures is a promising approach as it would enhance pavement performance by releasing the 
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rejuvenator product when a crack starts to propagate and break the shell material and thus, 
reducing the viscosity of the binder to improve the self-healing ability of asphalt binders [4].   
6.2 Objectives 
The objectives of this study were the following: (1) Evaluate the self-healing efficiency of 
hollow-fibers, through the study of stiffness recovery of damaged mixture specimens under two 
different healing conditions; and (2) Evaluate the performance against fatigue cracking, low 
temperature cracking, and rutting susceptibility of AC with fibers through laboratory tests 
6.3 Background 
6.3.1 Asphalt Rejuvenation 
Asphalt rejuvenators products can be defined as a low viscosity oil with high maltenes content, 
which has been shown to be the most effective treatment to partially restore asphalt properties 
[5]. Studies have shown that rejuvenating products can increase the recycled binder ratio in 
asphalt mixture but may also cause an adverse effect on the intermediate and low-temperature 
performances of asphalt mixtures [6]. In addition, studies have shown a softening effect in 
asphalt mixtures with the addition of rejuvenator products, which resulted in an increase in the 
rut depth at high-temperature [7]. Researchers have also found a limited penetration of asphalt 
rejuvenators when they are applied on the pavement surface reducing the effectiveness in 
reversing the aging process in asphalt binders [3].   
6.3.2 Self-Healing Mechanisms in Asphalt Pavements 
In recent years, researchers have adapted the biology’s concept of self-healing into asphalt 
pavements by encapsulating a rejuvenator product in microcapsules or fibers with a polymer as a 
shell material. The concept of encapsulating a rejuvenator product is to release the product when 
the microcapsules or fibers break at a predefined stress.  
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6.3.2.1 Double-Walled Microcapsules with Asphalt Rejuvenators. Shirzad et al. conducted an 
optimization process in the production parameters of double-walled microcapsules containing 
sunflower oil as a core material [8]. The study successfully produced microcapsules with 
adequate thermal and mechanical properties to resist an asphalt mixing process. Aguirre et al. 
evaluated the healing efficiency of microcapsules containing a bio-oil as a core material by 
monitoring the crack size of damaged specimens during a 5-day healing period at two 
environmental curing conditions [9]. The study concluded that the healing efficiency of 
microcapsules was dependent on the breakage of the capsules, and thus, the release of the core 
material to soften the binder around the crack.   
6.3.2.2 Compartment-Fibers with Asphalt Rejuvenators. A previous study conducted an 
optimization process to determine the optimum production parameters for the synthesis of 
compartment alginate fibers containing a rejuvenator product [10]. The study determined that the 
optimum shell/core material ratio was 70:30, which resulted in fibers with sufficient thermal 
stability and mechanical strength for asphalt mixture applications. In addition, Tabakovic et al. 
conducted a study to evaluate the efficiency of compartment alginate fibers as an asphalt 
pavement healing system by performing an indirect tensile strength (IDS) test, 4-point bending 
fatigue test, and a semi-circular bending (SCB) test [11]. Researchers reported that SCB and IDT 
tests were unsuitable for the evaluation of hollow fibers due to the large deformation that 
occurred in the specimens after performing the test. However, the study determined that the 4-
point bending test was the most suitable test to evaluate the healing efficiency as micro-cracks 
can be induced as the test is strain-controlled. The 4-point bending test showed that the asphalt 
mixtures with compartment fibers had a better stiffness recovery ability than a conventional AC 
mixture. 
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6.4 Experimental Program 
6.4.1 Fiber’s Synthesis and Properties 
6.4.1.1 Chemicals. The core material of the fibers consisted of a green bio-oil product, from 
Sripath Technologies (density of 0.919 g/cm3). The experimental program used sodium alginate 
as a shell material in the prepared fibers. In addition, PEMA (ethylene-alt-maleic-anhydride) was 
added as a surfactant in a 2.5 wt % aqueous solution.  Furthermore, ethylene glycol was 
incorporated in the present study as a plasticizer material. Lastly, the coagulation bath contained 
a 0.6 Molarity (M) solution of calcium chloride hexahydrate (CaCl2·6H2O).   
6.4.1.2 Production of Fibers. Aguirre et al. optimized the synthesis procedure for sodium-
alginate hollow fibers containing a rejuvenating product [12]. The sodium-alginate hollow fibers 
were synthesized from an oil-in-water emulsion containing the shell material and the core 
material. More details on the synthesis procedure and spinning process can be found elsewhere 
[12].   
6.4.2 Self-Healing Mixture Testing 
6.4.2.1 Materials. An unmodified binder (i.e., PG 64-22), a SBS-polymer-modified asphalt 
binder (i.e., PG 70-22M) and aggregate blend (i.e., 16-mm gravel, 6.35-mm gravel, coarse sand, 
and fine sand) were selected to satisfy the mix design criteria for a 12.5 nominal maximum 
aggregate size (NMAS) asphalt mixture. Post-consumer waste shingles (PCWS) and reclaimed 
asphalt pavement (RAP) were incorporated into the evaluated mixtures at 5% and 20% by total 
weight of mix, respectively. In addition, the experimental program added the hollow-fibers in 
selected mixtures at a 5% fiber content, see Table 0.1. Test Matrix for the Study.  
6.4.2.2 Specimen Preparation. Table 6.1 presents the prepared asphalt mixtures for the healing 
experiment. Six specimens were prepared for each asphalt mixture type, with three to be exposed 
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to room-temperature healing curing conditions and three to be exposed to high-temperature 
healing curing conditions after cracking. The rectangular beam specimens with dimensions 40 x 
40 x 160 mm were prepared by sawing a rectangular slab (i.e., 260.8 x 320.3 x 50 mm) to the 
required dimensions. All specimens were prepared to an air void of 7.0 ± 0.5%. 










Self-Healing Experiment Mixture testing 
Strength Recovery SCB LWT TSRST 
70CO PG 70-22 - - - X X X X 
70PG5F PG 70-22 - - 5% X - - - 
70PG5P PG 70-22 5% - - X X X X 
70PG5P1F PG 70-22 5% - 1% X - - - 
70PG5P3F PG 70-22 5% - 3% X - - - 
70PG5P5F PG 70-22 5% - 5% X X X X 
70PG20RAP PG 70-22 - 20% - X X X X 
70PG20RAP5F PG 70-22 - 20% 5% X X X X 
70PG5P20RAP PG 70-22 5% 20% - - X X X 
70PG5P20RAP5F PG 70-22 5% 20% 5% - X X X 
64CO PG 64-22 - - - X X X X 
64PG5F PG 64-22 - - 5% X - - - 
64PG5P PG 64-22 5% - - X X X X 
64PG5P5F PG 64-22 5% - 5% X X X X 
 












Strength Recovery SCB LWT TSRST 
64PG20RAP PG 64-22 - 20% - X X X X 
64PG20RAP5F PG 64-22 - 20% 5% X X X X 
64PG5P20RAP PG 64-22 5% 20% - - X X X 
64PG5P20RAP5F PG 64-22 5% 20% 5% - X X X 
  *X = test performed 
6.4.2.3 Self-Healing Test Description. The self-healing experiment consisted of inducing micro-
cracks in rectangular beam specimens at room-temperature with a three-point bending setup with 
a span length of 100 mm through a strain-controlled load applied at a rate of 0.5 mm/min, which 
allowed stopping the test before sudden failure. Figure 6.1(a) shows the three-point bending 
setup adopted in the self-healing experiment. The three-point bending test results were used to 
calculate the strength for three main conditions (undamaged, damaged, and healed states). The 
undamaged strength of the specimens was defined as the first three-point bending test performed 
to induce damage in the rectangular specimens. The same procedure was repeated for a second 
three-point bending test before healing in order to calculate the damaged strength and to increase 
the severity of the cracks before healing. Following healing, a third three-point bending test was 
conducted in order to estimate the healed strength. Immediately after the second three-point 
bending test, specimens were subjected to a 6-day healing period under controlled environmental 
conditions (i.e., room temperature or high-temperature). The strength recovery efficiency (SRE) 
for the different conditions was calculated as follows:  
𝑆𝑒 = (1 −
𝑆0−𝑆𝑡
𝑆0
) ∗ 100                                                                                                           (6.1) 
𝑆𝑒 = Strength Recovery efficiency (%); 
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𝑆0 = Strength in undamaged condition, kN; and 
𝑆𝑡 = Strength in damaged or healed condition, kN.  
 
        (a) 
Figure 0.1. (a) Three-Point Bending Test Setup  
6.4.3 Effects of Sodium-Alginate Fibers on Asphalt Mixture Performance 
The objective of this phase of the study was to evaluate the effects of sodium-alginate hollow 
fibers on the laboratory performance of a Superpave asphalt mixture with a NMAS of 12.5 mm. 
Superpave asphalt mixtures were prepared in accordance with AASHTO R 35-09, AASHTO M 
323-07, and Section 502 of the 2006 Louisiana Standard Specifications for Roads and Bridges 
[13]. The evaluated asphalt mixtures are shown in Table 6.1.  
6.4.3.1 Laboratory Performance Tests. Asphalt mixtures presented in Table 6.1 were evaluated 
through laboratory tests to predict the performance of each mixture against intermediate-
temperature cracking, permanent deformation, and low-temperature cracking. Asphalt mixture 
performance tests were conducted based on the test factorial shown in Table 6.2. Two 
mechanical tests and a simulative test (Loaded-Wheel Test [LWT]) were conducted to 
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characterize the performance of asphalt mixtures. The target air voids for all specimens prepared 
in this phase were 7.0 ± 0.5%. 
Table 0.2. Asphalt Mixture Performance Tests 
Tests Test Standard Performance Characteristics Specimen Details 
SCB ASTM D 8044 
Intermediate Temperature: fatigue and 
fracture cracking resistance 
ϕ150 mm × 57 mm 
LWT at 50°C AASHTO T 324 
Rutting susceptibility and moisture 
resistance 
ϕ150 mm × 60 mm 
TSRST AASHTO TP 10 
Low temperature: thermal cracking 
resistance 
50 mm × 50 mm x 
250 mm 
 
6.4.4 Statistical Analysis 
A statistical analysis was performed to evaluate whether the differences in performance observed 
in the self-healing experiment and mixture testing results were significant. An Analysis of 
Variance (ANOVA) at a 5% confidence level was performed for each self-healing and mixture 
test to identify statistically significant differences in the test results. A Tukey’s HSD test was 
also performed on all possible combinations to identify the mixes that were statistically different 
based on the previous results from ANOVA. The statistical results for each grouping were 
ranked by using letters A, B, C, and so forth. The letter A was assigned to the mix with the best 
performance, followed by the letter B and so forth. Double letters (e.g., A/B, B/C) indicate that 
the mixture may be categorized in both groups. 
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6.5 Results and Analysis 
6.5.1 Hollow-Fibers with Rejuvn8 as Core Material 
Sodium-alginate fibers containing a commercial rejuvenator product were prepared as shown in 
Figure 6.2(a). The thermal stability of the produced fibers was analyzed using thermogravimetric 
analysis (TGA). Figure 6.2(b) shows the change in weight (%) as the temperature was increased. 
A reference temperature of 163°C was selected to analyze TGA results based on the upper range 
of temperature typically used to prepare asphalt mixtures. Figure 6.2(b) shows an 18.5% 
decrease in weight at the reference temperature, which may be explained by the evaporation of 
the water absorbed by the fibers during the synthesis procedure. Based on these results, it was 
deemed that the prepared fibers were suitable for use during asphalt mixture production in view 
of the fact that the sample’s weight decreased by 50% at a temperature (above 300°C) higher 
than the one used in an asphalt mixture production.  
The tensile strength of the produced fibers was also measured to evaluate the resistance of the 
fiber to breakage during the mixing process. The tensile test setup is shown in Figure 6.2(c).  
Based on the results of past studies, asphalt additives need to have an ultimate tensile strength 
(UTS) higher than 12 MPa to resist typical pressure during asphalt mixing processes [14, 15]. 
The tensile strength of the produced fibers was measured to be 28.4 MPa with a standard 
deviation of ± 3.7 MPa. Figure 6.2(d) shows a load-deformation plot obtained from the UTS test. 
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(a)                                                                                   (b)      
 
 
(c)                                                                   (d) 
Figure 0.2. Fibers with Optimum Parameters (a) SEM Picture with 65x Magnification, (b) TGA 
Test Results, (c) Tensile Test Setup, and (d) UTS Test Results 
 
6.5.2 Strength Recovery Properties of Sodium-Alginate Fibers in Asphalt Mixtures 
6.5.2.1 Effect of Binder PG on the Strength Recovery Properties of Sodium-Alginate Fibers. The 
strength recovery of the prepared asphalt mixtures was calculated based on Equation (1). For 
asphalt mixtures prepared with PG 70-22, Figure 6.3(a) shows that the strength recovery of the 
conventional asphalt mixture (70CO) was statistically equivalent to the mixture prepared with 
the hollow fibers (70PG5F). In contrast, Figure 6.3(b) shows that the addition of sodium-alginate 





































binder PG 64-22 after the 6-day healing period as compared to the conventional mixture 64CO. 
In this case, differences were statistically significant.  The difference between the two binders 
may be due to chemical interaction between the polymer in the PG 70-22 binder and the sodium-





Figure 0.3. Strength Recovery at Room-Temperature for: (a) Mixtures Prepared with Binder PG 






















































6.5.2.2 Effect of Recycled Materials on the Strength Recovery Properties of Sodium-Alginate 
Fibers. Figure 6.4(a) shows the effect of RAP on the strength recovery of mixtures prepared with 
binder PG 70-22. The addition of RAP resulted in a more brittle mixture compared to the 
conventional mixture as mixes 70PG20RAP and 70PG20RAP5F were more susceptible to 
fracture as interpreted from the decrease in strength recoveries in comparison to mixture 70CO. 
However, Figure 6.4(a) shows that the addition of the fibers (70PG20RAP5F) had a positive 
effect as a higher strength recovery was observed after the healing period in comparison to mix 
70PG20RAP.  
The effect of adding RAP in the strength recovery of mixtures prepared with binder PG 64-22 is 
shown in Figure 6.4(b). The reduction in strength recovery in the damaged and healed states with 
the addition of RAP was also observed for the mixtures prepared with binder PG 64-22. A 
similar trend was also observed in Figure 6.4(b), which shows that the hollow fibers enhanced 
the healing efficiency in comparison to mix 64PG20RAP.    
Figure 6.5(a) shows the effect of RAS in the strength recovery of mixtures prepared with binder 
PG 70-22. Figure 6.5(a) shows that the strength recovery of the mixture with 5% RAS (70PG5P) 
was lower than the conventional mixture 70CO after the healing period. The brittle behavior of 
the binder in the RAS material could explain the difference in strength recoveries after the 
healing period. Figure 6.5(a) also shows that the mixture containing fibers (70PG5P5F) had a 
lower strength recovery in both the damaged and healed conditions than the conventional 








Figure 0.4. Strength Recovery at Room-Temperature for (a) Mixtures Prepared with Binder PG 
70-22 And Containing RAP and (b) Mixtures Prepared with Binder PG 64-22 and Containing 
RAP 
 
The effect of adding RAS in the strength recovery of mixtures prepared with binder PG 64-22 is 
























































prepared with binder PG 64-22 as the conventional mixture 64CO had a higher strength recovery 
after the 6-days healing period; yet differences were not statistically significant. Figure 5(b) also 
shows that the mixture containing fibers (64PG5P5F) had a similar strength recovery in both the 





Figure 0.5. Strength Recovery at Room-Temperature for (a) Mixtures Prepared with Binder PG 

























































6.5.2.3 Effect of Curing Conditions on the Strength Recovery Properties of Sodium-Alginate 
Fibers. Figure 6.6(a) shows that the increase in temperature enhanced the strength recovery of 
the evaluated asphalt mixtures. It is shown that the conventional mixture containing sodium-
alginate fibers (70PG5F) exhibited a 100% strength recovery at high-temperature curing 
condition.  The higher strength ratios for the beam specimens is due to the high temperature 
curing condition, which enhanced the flow of the binder and the healing of the cracks.  Figure 
6.6(b) shows the same trends for the mixtures prepared with the unmodified PG 64-22 binder. 
Similar to the trends observed for the PG 70-22 binder, the conventional mixture with fibers, 
64PG5F, had the highest strength recovery at high-temperature curing condition after 6-day of 
healing period. In addition, it is shown that the mixture containing sodium-alginate fibers had the 
best strength recovery at the high-temperature curing condition.   
A t-test analysis was performed for each type of mixture to evaluate the effect of curing 
conditions on the strength recovery ability of the evaluated asphalt mixtures. Figure 6.6(a) shows 
that the increase in temperature during the healing period had a significant effect on the strength 
recovery of the mixtures containing recycled materials with the exception of mixture 
70PG20RAP5F. Yet, Figure 6.6(b) shows that the enhancement in the strength recovery of the 
mixtures was not significantly different. The variability observed in the strength recovery 
analysis test results could have contributed to neglect the effect of increasing the temperature 






Figure 0.6. Effect of Curing Conditions in The Strength Recovery of: (a) Mixtures with Binder 





































































6.5.3 Performance of HMA Mixtures with Sodium-Alginate Fibers 
6.5.3.1 Rutting Performance. Figure 6.7 presents the terminal permanent deformation depths for 
the evaluated mixtures from the LWT test. It is shown in Figure 6.7(a) that the maximum 
allowable rut depth threshold in Louisiana (6 mm) was satisfied for all the mixes. The addition of 
recycled materials decreased the terminal rut depth as compared to the conventional mixture 
(70CO). However, results show that the addition of the hollow fibers slightly increased the rut 
depth as compared to the mixtures containing recycled materials with no fibers. The small 
increase in the rut depth may be caused by the breakage of fibers during the LWT test, which 
released the rejuvenating product and caused a softening effect. In addition, the statistical 
analysis results indicated that the performance of mixture containing RAS/RAP, 70PG5P20RAP, 
was significantly different from the conventional mixture against permanent deformation. 
Furthermore, the rest of the evaluated mixtures showed a similar performance compared to 
70PG5P20RAP based on the pairwise comparison shown in Figure 6.7(a). 
Figure 6.7(b) shows that the conventional asphalt mixture (64CO) had a rut depth greater than 
the maximum allowable rut depth threshold in Louisiana (6 mm). Furthermore, Figure 6.7(b) 
shows that the addition of recycled materials improved the rutting susceptibility of the mixtures 
by reducing the rut depth after 20,000 cycles. Similarly, as observed in Figure 6.7(a), a small 
increase in the rut depth was observed in the mixtures containing recycled materials with the 
addition of hollow fibers. The statistical analysis results showed that the asphalt mixtures 
containing recycled materials with/without fibers had a statistically significant improvement 
against rutting susceptibility as compared to the conventional mixture (64CO).    






Figure 0.7. Rutting Susceptibility: (a) HMA Mixtures with PG 70-22 and (b) HMA Mixtures 
with PG 64-22 
 
6.5.3.2 Fracture Resistance at Intermediate Temperature. Earlier studies recommended a 
minimum threshold Jc value of 0.5 to 0.65 kJ/m
2 to identify intermediate-temperature cracking 
susceptibility [16]. Figure 6.8 shows the critical strain energy release rate for the evaluated 









































































added in mixes 70PG5P and 70PG5P20RAP as compared to the conventional mixture (70CO). 
The addition of RAP resulted in a similar fracture resistance at intermediate temperature as the 
conventional mixture (70CO). Figure 6.8(a) also shows that the addition of fibers in the mix 
containing RAS (70PG5P5F) had a positive effect as an increase in the Jc value was noted from 
0.45 to 0.55 kJ/m2. The same positive effect due to the addition of fibers was observed in mix 
70PG5P20RAP5F as an increase in the Jc value was observed as shown in Figure 6.8(a). The 
rejuvenating properties of the hollow fibers may explain the enhancement of the fracture 
properties of mixes 70PG5P5F and 70PG5P20RAP5F. The statistical analysis results show that 
the inferior performance of mixture containing RAS/RAP, 70PG5P20RAP, was significantly 
different from the conventional mixture. However, it is observed in Figure 6.8(a) that adding the 
hollow fibers in the mixtures containing recycled materials showed a statistically-equivalent 
performance against fracture at intermediate temperature as the conventional mixture.  
Figure 6.8(b) shows that the asphalt mixtures prepared with PG 64-22 did not satisfy the 
minimum threshold level of 0.5 kJ/m2. However, similar to the trends observed with PG 70-22, 
the addition of hollow fibers enhanced the fracture properties of mixtures containing RAS 
64PG5P5F) and RAS/RAP (64PG5P20RAP5F). Yet, the addition of hollow fibers decreased the 
fracture resistance of the mixture prepared with 20% RAP (64PG20RAP compared to 






Figure 0.8. Fracture Resistance: (a) HMA Mixtures with PG 70-22 and (b) HMA Mixtures with 
PG 64-22 
 
6.5.3.3 Low-Temperature Cracking Resistance. Figure 9 shows the fracture load for the 
evaluated asphalt mixtures. Mixture aging was performed according to AASHTO R30-02. Figure 
6.9(a) shows that the addition of RAS or RAP resulted in higher fracture load compared to the 



















































fibers enhanced the fracture load of mixtures containing recycled materials (70PG5P vs. 
70PG5P5F; 70PG20RAP vs. 70PG20RAP5F; and 70PG5P20RAP vs. 70PG5P20RAP5F). 
Therefore, the addition of RAS or RAP with the hollow fibers resulted in asphalt mixtures with 
higher load capacity at low-temperature. The statistical analysis results showed that the mixtures 
containing recycled materials with sodium-alginate fibers had a similar fracture resistance at 
low-temperature than the conventional mixture 70CO.   
Figure 6.9(b) shows a similar improvement in the fracture resistance of mixtures with the 
addition of RAS and/or RAP. The fracture load also improved with the addition of hollow fibers 
in mixtures containing recycled materials. As a result, the addition of RAS or RAP with the 
hollow fibers resulted in asphalt mixtures with higher load capacity at low-temperature. 




Figure 0.9. Failure Load: (a) HMA Mixtures with PG 70-22 and (b) HMA Mixtures with PG 64-
22 


























The failure temperature of the evaluated mixtures from the TSRST test results are shown in 
Figure 6.10. Figure 6.10(a) shows that the addition of RAS or RAP resulted in a similar failure 
temperature as the conventional mixture 70CO. Also, it is shown in Figure 6.10(a) that the 
addition of the hollow fibers did not enhance the fracture temperature of mixtures containing 
recycled materials; thus, they had a similar failure temperature than the conventional mixture. A 
drop in the failure temperature was observed in the mixtures containing RAS and RAP, which in 
conjunction with results from Figure 6.9, shows that the evaluated mixtures containing both 
recycled materials would be more susceptible to fracture at low-temperatures. However, 
observed differences were within the test variability and were not statistically significant. Similar 










































































6.6 Summary and Conclusions 
The objectives of this study were to evaluate of self-healing efficiency of hollow-fibers through 
the study of strength recovery of damaged mixture specimens under two different healing 
conditions; and to evaluate the performance against fatigue cracking, low temperature cracking, 
and rutting susceptibility of asphalt mixtures with fibers through laboratory tests. The following 
findings and conclusions are drawn based on the results of the experimental program.  
With respect to strength recovery: 
The self-healing experiment test results showed that the addition of sodium-alginate fibers 
improved the strength recovery of mixtures prepared with unmodified binder.  For mixtures 
prepared with polymer-modified binder, the strength recovery of the conventional asphalt 
mixture was statistically equivalent to the mixture prepared with the hollow fibers.   
The increase in temperature from 25°C to 50°C during the healing period resulted in higher 
strength recovery percentages in all the evaluated mixtures. Furthermore, the conventional 
mixture containing sodium-alginate fibers exhibited a 100% strength recovery at high-
temperature curing condition.  
With respect to the effects of the fibers on the laboratory performance of asphalt mixtures: 
LWT test results showed that the addition of sodium-alginate fibers in the mixtures containing 
recycled materials resulted in an increase in the rut depth; yet, the mixtures performed better than 
the conventional mixture and satisfied the Louisiana specifications.  
SCB test results suggested that the conventional mixture would have the best performance 
against fracture as it had the highest Jc-value.   However, SCB test results showed that the 
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addition of fibers enhanced the mechanical properties against fracture at intermediate 
temperature of mixtures containing RAS and RAS/RAP.  
TSRST test results showed that the addition of fibers improved the loading capacity of mixtures 
containing recycled materials compared to the conventional mixtures. Yet, the failure 
temperature of mixtures containing recycled materials with fibers did not show significance 
differences from the conventional mixtures.   
This study is a first step towards the evaluation of sodium-alginate hollow fibers in asphalt 
pavement applications. Based on the outcomes of this study, the authors recommend conducting 
further research prior to implementing the developed fibers in practice. It is recommended to test 
the developed fibers with other binder types and other RAP and RAS sources to evaluate their 
effects on the rheological properties of the binders and their enhancement of the mechanical and 
healing properties of the mixtures. 
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CHAPTER 7. EVALUATION OF SODIUM-ALGINATE HOLLOW FIBERS 




The incorporation of recycled materials such as recycled asphalt shingles (RAS) and reclaimed 
asphalt pavement (RAP) into asphalt mixtures has emerged as a sustainable solution to reduce 
the negative impacts on the environment associated with the extraction, transportation, and 
construction of new pavement roads. In addition, the use of recycled materials could potentially 
preserve valuable landfill space and reduce the costs of new roads construction caused by the 
increase in aggregate and petroleum prices. However, the durability of asphalt mixtures 
containing recycled materials, which is related to the level of blending between aged and virgin 
asphalt binders, is the main concern of the pavement community and highway agencies.  
Asphalt rejuvenating agents have emerged as a solution to improve the life expectancy of asphalt 
mixtures containing recycled materials by increasing the blending between aged and virgin 
asphalt binders. Asphalt rejuvenators include cationic emulsions containing maltenes, which are 
used to deposit the blend of maltene fractions on the films of aged binder [1]. Thus, the addition 
of maltene fractions might reverse the aging process of asphalt binder by restoring the maltene-
to-asphaltene ratio [2]. However, spreading rejuvenator on the surface has negative effects such 
as loss of the skid resistance and poor penetration into the pavement [3].  
The encapsulation of a rejuvenator product has emerged as an innovative approach to disperse 
the rejuvenator product into the asphalt mix. An encapsulation mechanism is used in sodium-
alginate hollow fibers filled with a rejuvenator, which consists of a polymer shell and a 
rejuvenating product as the core material. It is a promising approach as it would enhance the 
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distribution of the rejuvenating product, and thus restoring the original properties of the aged 
binder in the recycled materials. Furthermore, the elastic property of polymer shell could 
potentially improve the performance of asphalt binder and asphalt mixtures against common 
distresses such as permanent deformation and cracking at low and intermediate temperature.  
7.2 Objectives 
The objectives of this study were the following: (1) Evaluate the rheological properties of asphalt 
binder blends with sodium-alginate hollow fibers filled with a rejuvenator through laboratory 
tests; and (2) Assess the molecular/fractional compositions of binder blends with hollow fibers 
through a series of chemical analysis. The effects of the hollow fibers on asphalt mixture healing 
and mechanical behaviors are presented in a separate paper [4]. 
7.3 Background 
7.3.1 Recycled Materials in Asphalt Pavement 
The manufacturing process of asphalt shingles includes air-blown asphalt, which results in a 
binder with greater viscosity than regular asphalt binder used in hot-mix asphalt (HMA) [5]. 
Previous studies have evaluated the effect of adding 5 to 10% recycled asphalt shingles (RAS) 
on the mechanical properties of asphalt mixtures compared to conventional mixtures without 
recycled materials [6, 7]. The results showed that the addition of RAS resulted in a decrease in 
the tensile strength and creep stiffness of the evaluated mixtures, but an improvement in the 
resistance to moisture damage. Yet, other studies have showed that RAS may negatively impact 
low temperature performance and the cracking resistance of asphalt mixtures [2]. 
Reclaimed asphalt pavement (RAP) is a processed asphalt pavement at the end of the service life. 
The addition of RAP in asphalt mixtures results in a decrease of virgin materials consumption 
such as aggregate and binder. Previous studies have shown that the addition of high percentages 
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of RAP, more than 20% by weight of the total mixture, resulted in an increase in the dynamic 
complex modulus compared to a conventional mixture, which may increase the cracking 
susceptibility of an asphalt mixture [8, 9]. In addition, Li et al. reported that the addition of RAP 
resulted in an increase in the low-temperature cracking susceptibility of asphalt mixtures 
compared to a virgin asphalt mixture [10].      
7.3.2 Asphalt Rejuvenation  
Asphalt rejuvenators products include low viscosity oil with high maltenes content, which has 
been shown to be the most effective treatment to partially restore asphalt properties [11]. A study 
evaluated the effect of asphalt rejuvenators on a binder classified as PG 58-22 by conducting a 
series of laboratory tests [12]. The study observed a softening effect with the addition of the 
evaluated rejuvenators, which resulted in a decrease in viscosity, increase in rutting susceptibility 
and enhancement against cracking. Similarly, another study concluded that the addition of 
rejuvenator products in asphalt mixtures containing recycled materials resulted in an 
improvement in the fatigue cracking resistance compared to conventional mixtures [13]. The 
softening effect of asphalt rejuvenators was also reported in a study conducted by Aguirre et al. 
where the addition of asphalt rejuvenators resulted in an increase in the rut depth of asphalt 
mixtures at high-temperature [14].   
7.3.3 Encapsulation of Asphalt Rejuvenator Products 
The idea of encapsulating a rejuvenator product is to control the release of the core material by 
controlling the permeability of the shell material. Sunflower oil, as a rejuvenator product, was 
encapsulated in double-walled microcapsules via in situ polymerization technique using 
polyurethane and urea-formaldehyde as shell materials [15]. Another study conducted an 
optimization process of the production parameters of microcapsules containing a bio-oil 
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rejuvenator product as core materials, which resulted in microcapsules with adequate thermal 
stability to resist high-temperatures in asphalt mixing processes [16].  
Another technique to encapsulate an asphalt rejuvenator is the synthesis of hollow-fibers 
containing a rejuvenator product as core material. Tabakovic et al. developed compartment 
alginate fibers containing a rejuvenator as a healing agent delivery, as well as a healing 
triggering mechanism for asphalt pavements [17]. Furthermore, Aguirre et al. conducted an 
optimization process on the production parameters of sodium-alginate fibers containing a bio-oil 
product as core material as self-healing and rejuvenating agents for aged asphalt binder [18]. In 
addition, the study found that 5% fiber content by weight of virgin binder was the optimum fiber 
content to enhance rheological properties of binder blends containing extracted binder from 
recycled materials. 
7.4 Experimental Program 
7.4.1 Fiber’s Synthesis and Properties  
7.4.1.1 Chemicals. The core material of the fibers consisted of a green bio-oil product, from 
Sripath Technologies (density 0.919 g/cm3). The experimental program used sodium alginate as 
a shell material in the developed fibers. In addition, PEMA (ethylene-alt-maleic-anhydride) was 
added as a surfactant in a 2.5 wt % aqueous solution.  Furthermore, ethylene glycol was 
incorporated in the present study as a plasticizer material. Lastly, the coagulation bath contained 
a 0.6 Molarity (M) solution of calcium chloride hexahydrate (CaCl2·6H2O).   
7.4.1.2 Production of Fibers. Aguirre et al. optimized a synthesis procedure for sodium-alginate 
fibers containing a rejuvenator product [18]. The sodium-alginate fibers were synthesized from 
an oil-in-water emulsion containing the shell material and the core material. To this aim, a 5% 
wt% solution of sodium-alginate in de-ionized water was prepared. At the same time 2.5 wt% 
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polymeric surfactant solution, PEMA, was prepared by dissolving the copolymer in water at 
70°C and mixing it for 60 min. A healing solution was prepared by mixing the rejuvenator 
product with 30% by weight of rejuvenator of PEMA solution. In addition, ethylene glycol was 
added to the healing solution in a proportion of 40% by weight of rejuvenator. The healing 
solution was mixed thoroughly. Then, the healing solution was mixed with the sodium alginate 
solution in 1/1.5 rejuvenator/sodium alginate proportion at 40 rpm for 20 sec. The emulsions 
were spun with a plunger-based lab scale wet spinning line in a conventional wet spinning 
process to form the rejuvenator-filled compartment fibers. More details on the synthesis 
procedure and spinning process can be found elsewhere [18].   
7.4.2 Evaluation of the Rheological Properties of Asphalt Binder Blends with Fibers 
The objective of the binder experiment was to evaluate the effects of adding sodium-alginate 
fibers on asphalt binder blends containing recycled materials. The experimental test matrix is 
shown in Table 7.1. Two binder types were selected to evaluate the effect of adding the 
synthesized fibers: unmodified and SBS-polymer modified binders (i.e., PG 64-22 and PG 70-22, 
respectively). In addition, extracted binder from recycled materials (RAS and RAP) were 
incorporated in the selected binder blends at 5 and 20% by weight of the virgin binder, 
respectively. Asphalt binder was extracted from the recycled materials in accordance with 
AASHTO T 164 [19]. Afterward, the solution obtained from AASHTO T 164 —Method A was 
distilled to a point where most of the solvent was removed and then carbon dioxide gas was 
introduced to remove all traces of trichloroethylene. This procedure was conducted in 
accordance with AASHTO R 59 [20]. The recovered asphalt binder was then blended with a 
virgin binder. The asphalt binder blends shown in Table 7.1 were prepared by mixing virgin 
binder with the prepared fibers and extracted binder at a temperature of 163°C. The different 
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asphalt blends were prepared by using a high-shear mixer rotating at a speed of 3,600 rpm for 30 
minutes to achieve good mixing and dispersion of the fibers and extracted binder in the different 
asphalt binder blends. 
7.4.2.1 Performance Grading (PG Grading). Rheological tests such as Dynamic Shear Rheometer 
(DSR) and Bending Beam Rheometer (BBR) were used to assess the rheological properties of 
the asphalt binder blends shown in Table 7.1. PG grading was performed in accordance with 
AASHTO M 320 [21].  
7.4.2.2 Multiple Stress Creep Recovery (MSCR). The MSCR test was conducted to characterize 
the rutting susceptibility of the different asphalt binder blends. MSCR test consists of applying 
creep and recovery periods and to measure the percentage of recovery and non-recoverable creep 
compliance (Jnr). The MSCR was performed in accordance to AASHTO TP 70 at a testing 
temperature of 67°C [22]. 
7.4.2.3 Linear Amplitude Sweep (LAS). The fatigue resistance of the asphalt blends was 
characterized by conducting the LAS test. The LAS tests consisted of applying cyclic loading 
employing systematic, linearly increasing load amplitudes. The LAS was performed in 
accordance with AASHTO TP 101 [23] in samples aged using RTFO and PAV to simulate the 
aging for in-service asphalt pavements. LAS test was conducted to determine two fatigue 
parameters (“A” and “b”) based on the asphalt binder fatigue law (𝑁𝑓 = 𝐴 𝑥 𝛾𝑚𝑎𝑥
𝑏). The LAS 
test consisted of two steps: (1) a frequency sweep test at a low strain amplitude of 0.1% is used 
to obtain undamaged material properties (parameter “b” of fatigue law); and (2) an amplitude 
sweep test with a series of cyclic loading at systematically linearly increasing strain amplitudes 
at a constant frequency of 10 Hz is used to determine the parameter “A” of the fatigue law 
through viscoelastic continuum damage (VECD) mechanics analysis.  
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Table 0.1. Test Matrix for Evaluation of the Effects of Adding Sodium-Alginate Fibers in 





RAS Content RAP Content Fiber Content (%) 
70CO PG 70-22 - - - 
70PG3F PG 70-22 - - 3% 
70PG5F PG 70-22 - - 5% 
70PG10F PG 70-22 - - 10% 
70PG5P PG 70-22 5% PCWS - - 
70PG5P5F PG 70-22 5% PCWS - 5% 
70PG20RAP PG 70-22 - 20% - 
70PG20RAP5F PG 70-22 - 20% 5% 
70PG5P20RAP PG 70-22 5% PCWS 20% - 
70PG5P20RAP5F PG 70-22 5% PCWS 20% 5% 
64CO PG 64-22 - - - 
64PG3F PG 64-22 - - 3% 
64PG5F PG 64-22 - - 5% 
64PG10F PG 64-22 - - 10% 
64PG5P PG 64-22 5% PCWS - - 
64PG5P5F PG 64-22 5% PCWS - 5% 
64PG20RAP PG 64-22 - 20% - 
64PG20RAP5F PG 64-22 - 20% 5% 
64PG5P20RAP PG 64-22 5% PCWS 20% - 
64PG5P20RAP5F PG 64-22 5% PCWS 20% 5% 
 
7.4.3 Chemical Analysis of Asphalt Binder Blends with Fibers 
7.4.3.1 High-Pressure Gel Permeation Chromatography. High Pressure Gel Permeation 
Chromatography (HP-GPC) was performed using an EcoSEC system (HLC-8320GPC) of Tosoh 
Corporation, equipped with a differential refractive index detector (RI) and UV detector. A set of 
four micro-styragel columns of pore sizes 200 Å, 75 Å (2 columns) and 30 Å from Tosoh 
Bioscience was used for the analysis. Tetrahydrofuran (THF) at a flow rate of 0.35 mL/ min. was 
used as the solvent. Columns were calibrated using polystyrene standard mixtures PStQuick B 
(MW= 5480000, 706000, 96400, 10200, and 1000 daltons), PStQuick E (MW= 355000, 37900, 
5970, and 1000 daltons), and PStQuick F (MW= 190000, 18100, 2500, and 500 daltons) from 
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Tosoh Bioscience. Filtered solutions prepared with the binder blends and THF solvent were 
prepared using a 0.45-micron Teflon filters prior to running the HP-GPC test analysis. The 
concentration of asphalt solution was 0.5%.  
7.4.3.2 Fourier Transform Infrared Spectroscopy (FTIR). FTIR spectra were obtained using a 
diamond single reflection attenuated total reflectance (ATR) instrument (Bruker Optics alpha) 
with the following settings for data collection: 32 scans/sample, spectral resolution 4 cm-1, wave 
number range 4000-500 cm-1. A few drops of the GPC asphalt solution (0.5% in THF) was 
placed on the ATR crystal plate and the solvent allowed evaporating. The spectrum was 
collected after the complete evaporation of the solvent. FTIR spectra of the aged samples show a 
peak around 1700 cm-1, which is the characteristic of C=O species. The carbonyl index was 
calculated from the band areas measured from valley to valley [24] according to Equation (7.1). 
This was accomplished using the OPUS spectroscopy software provided with the Bruker FTIR 
instrument. 
Carbonyl Index (ICO) =  
Area around 1700 cm−1
Area around 1460 cm−1 and Area around 1375 cm−1
                                  (7.1) 
7.5 Results and Analysis 
7.5.1 Hollow-Fibers with Rejuvn8 as Core Material 
A Thermogravimetric analysis (TGA) was conducted on the prepared fibers to evaluate the 
resistance to high-temperatures during asphalt mixing processes. Figure 7.1(a) shows the change 
in weight (%) as temperature was increased for the core material, shell material, and the 
produced sodium-alginate fibers. A reference temperature of 163°C was selected to analyze TGA 
results based on the temperature typically used to prepare asphalt binder blends and HMA 
mixtures. Figure 7.1(a) shows that the prepared fibers absorbed water during the synthesis 
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procedure as an 18.5% decrease in weight at the reference temperature is observed. Furthermore, 
it is shown in Figure 7.1(a) that the produced fibers degraded at a temperature (above 300°C) 
higher than the one used in an asphalt mixture production based on a 50% reduction in the 
sample’s weight.  
The resistance of breakage of the produced fibers during asphalt mixing process was evaluated 
by conducting a pull test. Figure 7.1(b) shows a broken sodium-alginate fiber after conducting a 
tensile test for strength evaluation. Based on the literature, asphalt additives should have an 
ultimate tensile strength (UTS) higher than 12 MPa to resist typical pressure during asphalt 
mixing processes [25, 26]. The tensile strength of the produced fibers was determined to be 28.4 
MPa with a standard deviation of ± 3.7 MPa. Thus, the produced hollow-fibers should be 




Figure 0.1. Fibers with Optimum Parameters (a) TGA Test Results of Fiber’s Material 
Composition, and (b) Broken Fiber after Tensile Test 


































7.5.2 Chemical Composition of Binder Blends with Fibers  
7.5.2.1 Molecular Weight Distribution. HP-GPC was used to measure asphalt blends molecular 
weight distributions, i.e., the percentage of asphaltenes to maltenes that are present in the binder 
bends. Determining the percentage of asphaltenes and maltenes before and after blending the 
virgin binders with recycled materials and fibers provided information about the efficiency of the 
fibers to act as a rejuvenator. The HP-GPC results are shown in Table 7.2. The maltenes, Low-
Molecular Weight (LMW), were defined as the molecules with a weight less than 3k Daltons; 
asphaltenes, High-Molecular Weight (HMW), were defined as the molecules between 3k and 
19k Daltons; polymer and other components, were defined as the molecules with weight greater 
than 19k Daltons [27]. Table 7.2 shows that the extracted binders from RAS and RAP had the 
highest high-molecular weight/ low-molecular weight ratio (HMW/LMW) among the evaluated 
binder blends. Furthermore, it is shown in Table 7.2 that the addition of sodium-alginate fibers 
resulted in an increase in the HMW/LMW ratio. Asphalt rejuvenators are known to facilitate the 
extraction of the asphaltenes from the recycled materials and to improve the blending between 
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aged and virgin binder [2]. Thus, the increase in the HMW/LMW ratio suggests the release of the 
rejuvenating product from the hollow fibers in the evaluated binder blends. 
Table 0.2. Chemical Composition of Evaluated Binder Blends 
 
Sample Others (%) HMW (%) LMW (%) HMW/LMW Ratio 
70CO 4.92 21.73 73.35 0.30 
70PG5P 6.42 22.82 70.76 0.32 
70PG5P5F 6.71 23.33 69.59 0.34 
70P20RAP 6.28 23.73 70.26 0.34 
70PG20RAP5F 5.38 26.19 70.89 0.37 
70PG5P20RAP 6.81 22.31 70.89 0.31 
70PG5P20RAP5F 6.7 21.96 71.34 0.31 
64CO 0.52 17.35 82.13 0.21 
64PG5P 1.82 23.63 74.55 0.32 
64PG6P5F 1.9 24.8 73.3 0.34 
64PG20RAP 3.44 25.35 71.21 0.36 
64PG20RP5F 3.33 23.46 70.89 0.33 
64PG5P0RAP 3.83 23.94 72.23 0.33 
64PG5P20RAP5F 4.14 24.61 71.2 0.35 
RAS 8.1 26.69 65.21 0.41 
RAP 13.31 30.31 56.38 0.54 
 
7.5.2.2 Characterization of Oxidative Asphalt Aging. The carbonyl Index (ICO) was calculated 
to evaluate the formation of carbonyl molecules in the binder blends, which is related to the 
oxidation process in the aging process of asphalt binders. Figure 7.2(a) shows that the addition of 
extracted binder from either RAS and/or RAP resulted in an increase in the ICO index. Also, it is 
shown that the addition of fibers in blends containing recycled material resulted in an increase in 
the ICO, which suggests that the rejuvenating product facilitates the extraction of aged binder 
from the recycled materials and thus, increased the asphaltene content resulting in stiffer blends.  
Figure 7.2(b) shows that the overall ICO indices for blends prepared with binder PG 70-22 were 
higher than the ICO index for blends prepared with binder PG 64-22. The higher ICO indices 
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suggest that binder PG 70-22 would be more susceptible to aging compared to a softer binder 
such as PG 64-22. In addition, a similar trend was observed with the addition of fibers as the ICO 
index increased compared to the blends containing recycled materials, which is related to the 


































7.5.3 Rejuvenation of Asphalt Binders with Sodium-Alginate Fibers 
7.5.3.1 PG Grading of Binder Blends. Table 7.3(a) presents the measured PG Grading of the 
asphalt binder blends prepared with binder PG 70-22 based on laboratory testing conducted 
using a Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR). Table 7.3(a) 
shows that the addition of the hollow fibers did not change the PG grading of the virgin binder, 
70CO; yet, a decrease in the low-temperature performance grade (LTPG) was observed with the 
addition of 3, 5 and 10% fiber contents compared to the virgin binder. The same decrease in the 
LTPG was observed in the binder blends 70PG5P5F and 70PG20RAP5F with the addition of 
hollow fibers.  
Table 7.3(a) also shows that the addition of the extracted binder from PCWS and/or RAP 
resulted in an increase in the PG grading compared to the virgin binder from PG 70-22 to PG 76-
22 (70PG5P); PG 82-16 (70PG20RAP); and PG 88-16 (70PG5P20RAP). The increase in the 
high temperature grade of the binder blends containing recycled materials may be due to the 
increase in asphaltene contents from the recycled materials as observed in the HP-GPC test 
results. Based on the PG grading results, the addition of the developed fibers did not seem to 
enhance the final PG of the binder blends except for blend 70PG5P20RAP5F. Yet, the marginal 
effect of the hollow fibers on the PG grading of the binder blends was expected based on the 
increase in HMW/LMW ratios and ICO Index on the chemical analysis test results. However, the 
continuous PG showed a reduction in the HTPG in the binder blends containing the hollow 
fibers, which may indicate a softening effect of the aged binders from recycled materials except 
for 70PG5P5F.  
The results of the PG grade for the binder blends prepared with binder PG 64-22 are presented in 
Table 7.3(b). Similar to the results of PG 70-22, the addition of the hollow fibers did not change 
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the PG grade of the binder blends prepared with PG 64-22 except for 64PG5P20RAP5F, which 
was the stiffest binder blend. The PG grading of blend 64PG5P20RAP5F could be correlated 
with the HP-GPC test results as this blend had the second highest HMW/LMW ratio for blends 
prepared with PG 64-22 shown on Table 7.2. However, similar to binder PG 70-22, the 
continuous PG showed a reduction in the HTPG for the binder blends containing the hollow 
fibers, which may indicate softening of the aged binders. Also, it was noted in the continuous PG 
grading that the LTPG improved in the binder blends with sodium-alginate fibers, which may 
indicate an improvement in the low-temperature performance of the binder blends containing 
only extracted binder from recycled materials.  
Table 0.3. Summary of PG Grading Results for: (a) Binder PG 70-22 and (b) Binder PG 64-22 
 (a) Binder PG 70-22 




70CO 70-22 73.8-27.4 101 
70PG3F 70-22 73.3-24.4 98 
70PG5F 70-22 73.7-23.2 98 
70PG10F 70-22 73.3-24.5 98 
70PG5P 76-22 78.2-25.3 104 
70PG5P5F 76-22 79.7-24.1 104 
70PG20RAP 82-16 87.3-21.9 109 
70PG20RAP5F 82-16 85.4-20.4 106 
70PG5P20RAP 88-16 88.8-18.2 107 
70PG5P20RAP 82-16 85.9-20.6 107 
 






(b) Binder PG 64-22 
 




64CO 64-22 68-23.6 92 
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64PG3F 64-22 68-24.4 92 
64PG5F 64-22 69.5-23.8 93 
64PG10F 64-22 67-23.7 91 
64PG5P 70-22 71.8-22.3 94 
64PG5P5F 70-22 70.3-22.6 93 
64PG20RAP 76-16 81.8-16.8 99 
64PG20RAP5F 76-16 80.8-19.4 100 
64PG5P20RAP 76-16 81.8-18.0 100 
64PG5P20RAP5F 82-16 82.4-18.0 100 
 
7.5.3.2 Multiple Stress Creep Recovery. The MSCR test results for binder PG 70-22 are shown 
in Table 7.4(a). It is shown in Table 7.4(a) that the addition of 3 and 5% fiber content increased 
the rutting susceptibly as the non-recoverable creep compliance increased and the percentage of 
recovery decreased compared to the virgin binder 70CO. However, it can be observed that the 
addition of 10% fiber content enhanced the rutting performance as the non-recoverable creep 
compliance decreased compared to the virgin binder. In addition, Table 7.4(a) shows that the 
addition of extracted binder from recycled materials improved the rutting resistance of the virgin 
binder (70CO) as the non-recoverable creep compliance values decreased at both stress levels 
and an improvement in the percentage of recovery was also observed. The increase in the non-
recoverable creep compliance of the binder blends containing recycled materials with the 
addition of the hollow-fibers suggests a release of the rejuvenator product from the fibers during 
the blending process, which is supported by the increase in the HMW/LMW ratios and ICO 
Index observed in the chemical analysis test results shown in Table 7.2 and Figure 7.2.  
The MSCR test results for binder PG 64-22 are shown in Table 7.4(b). Similar to binder PG 70-
22, the binder blends containing extracted binder from recycled materials showed a decrease in 
the non-recoverable creep compliance and an increase in the percentage recovery, which indicate 
an improved rutting resistance compared to the virgin binder PG 64-22. Also, a softening effect 
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from the release of the rejuvenating product from the hollow fibers was observed in Table 7.4(b) 
as noted from the increase in the non-recoverable creep compliance. The reduction in the 
percentage recovery of the blends containing sodium-alginate fibers could be related to the lack 
of time to fully recover due to the time-dependent behavior of asphalt binders.  
Overall, MSCR test results suggest that the addition of sodium-alginate fibers and extracted 
binder from recycled materials resulted in an improved performance against permanent 
deformation compared to the conventional virgin binder.  
Table 0.4. MSCR Test Results for: (a) Binder PG 70-22 and (b) Binder PG 64-22 




Jnr0.1 @ 67 
°C, 
kPa-1 





Stress, 0.1 kPa Stress, 3.2 kPa 
70CO 0.80 1.20 48.82 49.10 30.17 
70PG3F 1.15 1.59 55.15 32.95 14.78 
70PG5F 1.02 1.42 38.38 35.20 16.82 
70PG10F 0.66 0.88 32.67 38.60 22.40 
70PG5P 0.64 0.90 41.52 45.47 28.36 
70PG5P5F 0.66 0.95 43.69 42.40 24.10 
70PG20RAP 0.20 0.26 31.58 59.54 48.75 
70PG20RAP5F 0.24 0.32 31.97 53.55 41.65 
70PG5P20RAP 0.13 0.18 31.38 63.57 53.78 
70PG5P20RAP 0.26 0.36 34.89 55.13 42.34 
 




Jnr0.1 @ 67 
°C, 
kPa-1 





Stress, 0.1 kPa Stress, 3.2 kPa 
64CO 3.47 3.77 8.65 1.62 -0.50 
 
Table 7.4. Cont’d 
Asphalt Binder Blends 
Jnr0.1 @ 67 
°C, 









64PG3F 3.76 4.11 9.15 1.26 -0.72 
64PG5F 3.63 4.00 10.49 1.85 -0.65 
64PG10F 4.36 4.85 11.25 1.44 -1.04 
64PG5P 2.32 2.60 12.31 4.86 0.58 
64PG5P5F 2.54 2.89 13.90 4.99 0.42 
64PG20RAP 0.43 0.49 15.00 21.80 13.59 
64PG20RAP5F 0.51 0.59 43.12 20.85 11.86 
64PG5P20RAP 0.45 0.51 15.93 22.36 13.17 
64PG5P20RAP5F 0.38 0.45 16.18 24.41 14.82 
 
7.5.3.3 Linear Amplitude Sweep. Figure 7.3 shows the LAS test results for binder blends 
prepared with PG 70-22. Figure 7.3(a) shows that the addition of hollow fibers to the virgin 
binder resulted in a decrease in the “A” parameter, which indicates a reduction in the elastic 
behavior of the binder. Interestingly, it is shown that the addition of extracted binder from RAS 
enhanced the resistance to damage in blend 70PG5P compared to the virgin binder. The 
enhancement in the A parameter with the addition of RAS could be due to the presence of 
polymer in the RAS source as shown in Table 7.2. The opposite behavior was observed with the 
addition of RAP as the “A” parameter decreased compared to the virgin binder. The used RAP in 
this study presented the highest HMW/LMW ratio, which could have affected the elastic 
property of the virgin binder in blends 70PG20RAP and 70PG20RAP5F. The addition of hollow 
fibers in blends 70PG5P5F and 70PG5P20RAP5F resulted in binder blends with better elastic 
properties during the loading cycles compared to the virgin binder as an increase in the “b” 
parameter was observed. Figure 7.3(b) shows that the addition of RAP in blends 70PG20RAP 
and 70PG5P20RAP increased the sensitivity of the virgin binder to the change in strain level. 
Results from Figure 7.3(b) also shows that binder blends containing sodium-alginate fibers 
would have a similar deterioration rate as the strain level was increased compared to the virgin 
binder PG 70-22.   
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The opposite trend was observed with binder blends prepared with PG 64-22.  Figure 7.4(a) 
shows that the addition of 5 and 10% fiber content in virgin binder enhanced the elastic 
properties of virgin binder PG 64-22 as the “A” parameter increased. Also, it is shown that the 
addition of aged binder from either RAS or RAP would result in a binder blend more susceptible 
to cracking as a decrease in the “A” parameter was observed for blends 64PG5P, 64PG20RAP 
and 64PG5P20RAP compared to the virgin binder. However, the addition of the hollow fibers 
partially reversed the negative impact of adding an aged binder and the ability of binder blends 
64PG5P5F and 64PG20RAP5F to resist fatigue damage. Yet, Figure 7.4(b) shows that the 
addition of fibers did not have a pronounced effect on improving the susceptibility of blends to a 
change in strain levels as the calculated “b” parameter was equal to or higher than the virgin 
binder PG 64-22.  
Overall, Figure 7.3(b) and Figure 7.4(b) shows that addition of SBS polymer in binder PG 70-22 
resulted in a decrease in the absolute value of b parameter, which indicates that binder PG 70-22 
would have a lower deterioration rate than binder PG 64-22. In addition, Figure 7.3 and Figure 
7.4 shows that the high HMW/LMW ratios and high percentage content of RAP utilized in the 
study may explain the increase in fracture susceptibility of blends containing RAP as observed in 
the “A” parameter and absolute “b” parameter values in the LAS test results. Also, the polymer 
content in RAS (i.e. based on HP-GPC test results) and low percentage content of RAS (i.e. 5%) 
utilized in the blends could have reduced the negative impact in the fracture susceptibility of 







Figure 0.3. LAS Test Results for Binder PG 70-22: (a) “A” Parameter Fatigue Law and (b) 















































Figure 0.4. LAS Test Results for Binder PG 64-22: (a) “A” Parameter Fatigue Law and (b) 







































7.6 Summary and Conclusions 
The objectives of this study were to evaluate the rheological properties of asphalt binder blends 
prepared with hollow fibers through laboratory tests, and to assess the chemical compositions of 
binder blends with fibers through a series of chemical analysis. The following findings and 
conclusions are drawn based on the results of the experimental program: 
With respect to the effects of the fibers on the chemical composition of asphalt binder: 
HP-GPC test results showed that the addition of fibers in blends containing recycled materials 
resulted in an increase in the HMW/LMW ratio. The increase of the asphaltene fraction suggests 
that some fibers were broken during the blending process, which released the core material and 
facilitate the blending between aged and virgin binder in the blends.  
FTIR results showed that the addition of extracted binder from either RAS and/or RAP resulted 
in an increase in the ICO index. The addition of fibers in blends containing recycled material 
also resulted in an increase in the ICO, which suggests that the rejuvenating product facilitates 
the extraction of aged binder from the recycled materials and thus, increased the asphaltene 
content resulting in stiffer blends.  
With respect to the effects of the fibers on the rheological properties of asphalt binder: 
Rheological properties of the binder blends containing recycled materials and sodium-alginate 
fibers suggested that the fibers did not have a noticeable effect on the final PG grade.  
MSCR test results showed that a binder blend with extracted binder from recycled materials and 
sodium-alginate fibers would have less rutting susceptibility than a conventional virgin binder 
would.   
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LAS test results showed that the hollow fibers recovered some of the elastic behavior lost due to 
the addition of aged binder from RAS and/or RAP. However, the addition of fibers in virgin 
binders resulted in a decrease in the “A” parameter of the fatigue law except with 10% fiber 
content in binder PG 64-22.   
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CHAPTER 8. SUMMARY AND CONCLUSIONS 
Self-healing asphalt concrete through encapsulation of asphalt rejuvenator products in 
microcapsules and hollow-fibers is a promising technology that could potentially address the 
infrastructure deterioration problem by adding durability and reducing the costly maintenance 
and repairs needed for asphalt pavement structures. Before this technology is to be applied on 
asphalt pavement infrastructure, there are several questions that needed to be answered, such as 
the identification of the core material for the microcapsules and hollow-fibers that could 
potentially reverse the aging process in asphalt binders, and the effect of the addition of 
microcapsules and hollow-fibers on the intrinsic asphalt concrete material properties and self-
healing potential.  
To address these questions, the objectives of this study were to: (a) Evaluate the effects of 
asphalt rejuvenators on hot-mix asphalt mixtures in order to test its effects in the fundamental 
engineering properties of the mixtures; (b) Develop a synthesis procedure for production of 
microcapsules and hollow-fibers containing an asphalt rejuvenator; and (c) Evaluate the short-
term healing efficiency of such microcapsules and hollow-fibers in asphalt mixtures under two 
different curing conditions.   
8.1 Evaluation of Asphalt Rejuvenators on HMA Mixtures  
The first part of the study was dedicated to evaluate different asphalt rejuvenator products on 
HMA mixtures in order to test its effects on the fundamental properties of the mixtures. The 
asphalt rejuvenators evaluated included one bio-oil and three synthetic-oils. Sunflower seed oil 
was selected as a bio-oil, based on availability and economic advantages. The synthetic 
rejuvenators, Rejuvn8, Cargill1252 and Cargill1253, were selected based on suggested 
properties, such as compatibility with asphalt binder, a high rejuvenation ability, and improved 
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low temperature properties of the aged binder. The mechanical engineering properties of HMA 
mixtures were measured by conducting a series of laboratory tests such as dynamic complex 
modulus, Semi-Circular Bending test, and the Hamburg Wheel Tracking Device test. In addition, 
the molecular composition and rheological properties of extracted binder from evaluated 
mixtures were studied using High-Pressure Gel Permeation Chromatography and Superpave 
Performance Grade grading, respectively.  
Results indicated that the use of recycled material, RAS, improved the permanent deformation 
susceptibility compared to a conventional asphalt mixture. Although, the combination of adding 
recycled materials and rejuvenator products slightly decreased the performance against rutting. 
Also, the results showed that the addition of recycled materials and rejuvenator products did not 
adversely affect moisture susceptibility of the evaluated asphalt mixtures. The susceptibility of 
the evaluated asphalt mixtures to fracture at intermediate temperature increased with the addition 
of RAS and asphalt rejuvenators as SCB test results showed lower Jc values than the minimum 
threshold value (0.5 kJ/m2). The chemical analysis test results showed that the synthetic oil, 
Cargill 1253, restored the asphaltenes/maltenes ratio compared to the virgin binder indicating a 
reverse in the aging process from the addition of a recycled material.  
8.2 Development of Self-Healing Mechanisms for Asphalt Pavement  
8.2.1 Synthesis of Double-Walled Microcapsules containing a Rejuvenator Product 
 This part of the study was dedicated to modify a synthesis procedure for the production of 
double-walled microcapsules containing a rejuvenator product. The double-walled microcapsules 
were synthesized via in-situ polymerization, using polyurethane and urea-formaldehyde as shell 
materials. In-situ polymerization technique was selected given its low cost and simple 
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encapsulation procedure. Microcapsule properties such as size, encapsulation efficiency and 
thermal resistance of the produced microcapsules were characterized. 
The production parameters for the synthesis procedure of double-walled microcapsules were an 
agitation rate of 1000 rpm, a heating temperature of 55°C, and a reaction time of 4 hr. The 
modified synthesis procedure produced microcapsules with an average diameter of 152.91μm 
and an encapsulation efficiency of 63.2%. In addition, the produced double-walled 
microcapsules showed good thermal properties at mixing temperature (i.e. 163°C) where the 
thermal gravimetric analysis showed a decrease of less than 8% of microcapsule’s weight. The 
thermal gravimetric analysis showed that the produced microcapsules would start deterioration at 
a temperature higher than 300°C as the weight started to decrease by 50%.  
8.2.2 Synthesis of Hollow-Fibers containing a Rejuvenator Product 
An optimization process of the production parameters for the synthesis procedure to produce 
hollow-fibers containing a rejuvenator product was conducted. In addition, a characterization of 
hollow-fibers properties such as thermal stability and tensile strength were evaluated with the 
variation of the production parameters. The production parameters investigated in the 
optimization process included the percentage of emulsifier, percentage of plasticizer and the 
amount of rejuvenator used. The hollow-fibers were synthesized via wet-spinning process from 
an oil-in-water emulsion containing the shell material and the core material. Sodium alginate was 
selected as the shell material because it provides suitable properties such as water solubility, fast 
coagulation in the presence of divalent ions, and adequate mechanical properties. 
The results of the optimization of the production parameters for the synthesis of fibers indicated 
that fibers prepared with a rejuvenator to shell material of 1:1.5, an emulsifier content of 30%, 
and a plasticizer content of 40% produced hollow-fibers containing a rejuvenator product with 
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optimum thermal and mechanical properties as the TGA test results showed a good thermal 
stability at the mixing temperature (i.e., 163°C) with a weight retained percentage of 81.5%. In 
addition, these produced fibers had sufficient tensile strength (28.4 MPa) to resist the mixing and 
compaction processes of a HMA mixture. 
8.3 Evaluation of Self-Healing Properties of the Developed Self-Healing Mechanisms  
8.3.1 Self-Healing Efficiency of Double-Walled Microcapsules containing a Rejuvenator 
Product 
Self-Healing asphalt concrete was investigated through microencapsulated asphalt rejuvenator. 
The experimental matrix investigated the effect of 5% microcapsules content added in asphalt 
mixtures containing recycled asphalt shingles. The healing efficiency of produced microcapsules 
was quantified as a function of time by measuring the width of an induced crack in beam 
specimens before healing (day 0), and at day 1, day 2, day 3 and day 6 of the healing period. 
Furthermore, a relationship between damaged and healed stiffness was evaluated to determine 
the stiffness recovery at the end of the healing period. The healing efficiencies and stiffness 
recoveries were evaluated in mixtures containing recycled asphalt shingles with and without 
microcapsules. In addition, the effect of environmental conditions in the healing efficiency and 
strength recovery was evaluated by exposing three specimens for each of the evaluated asphalt 
mixtures to two different dry temperature curing conditions: room-temperature (26 ± 2°C) and 
high-temperature condition (50 ± 2°C).   
The digital image analysis of light microscope images revealed a reduction in the size of the 
cracks for all evaluated beam specimens at both healing conditions for a period that spanned 
from day 0 to day 6. The addition of 5% microcapsules content in asphalt mixtures containing 
recycled asphalt shingles showed a lower healing efficiency than the mix with no RAS or the one 
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with the rejuvenator blended directly with the mix ingredients. The lower healing efficiency with 
microcapsules was due to not all microcapsules having broken during the test since 
microcapsules are expected to break over time and not all at once. Also, the study results 
revealed that the healing efficiencies of the evaluated mixtures at room-temperature reflected 
higher healing efficiency than at high-temperature for all mixtures. The prolongated exposure to 
high-temperature could had accelerated the aging process in the binder, decreasing the healing 
efficiency observed at room-temperature curing condition.  
With respect to the stiffness recovery, the study results showed that there was a recovery in the 
stiffness of the mixtures as the healed stiffness was greater than the damaged stiffness but less 
than the undamaged stiffness. A greater stiffness recovery was observed at high-temperature, 
which could be explained by the aging process during the five-day conditioning period.   
8.3.2 Self-Healing Efficiency of Hollow-Fibers containing a Rejuvenator Product 
A similar self-healing experiment was performed in an experimental matrix to investigate the 
effect of 5% fiber content added in asphalt mixtures containing recycled materials. A series of 
three-point bending test were conducted to calculate the strength for three main conditions 
(undamaged, damaged, and healed states). The undamaged strength of the specimens was 
defined as the first three-point bending test performed to induce damage in the rectangular 
specimens. The same procedure was repeated for a second three-point bending test before 
healing in order to calculate the damaged strength and to increase the severity of the cracks 
before healing. Following healing, a third three-point bending test was conducted in order to 
estimate the healed strength. Immediately after the second three-point bending test, specimens 
were subjected to a 6-day healing period under controlled environmental conditions.  
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The self-healing experiment test results showed that the addition of sodium-alginate fibers 
improved the strength recovery of mixtures prepared with unmodified binder.  For mixtures 
prepared with polymer-modified binder, the strength recovery of the conventional asphalt 
mixture was statistically equivalent to the mixture prepared with the hollow fibers.  Furthermore, 
the increase in temperature from 25°C to 50°C during the healing period resulted in higher 
strength recovery percentages in all the evaluated mixtures. Lastly, the conventional mixture 
containing sodium-alginate fibers exhibited a 100% strength recovery at high-temperature curing 
condition.  
8.3.2.1 Effects of Sodium-Alginate Fibers on Asphalt Mixture Laboratory Performance. The 
objective of this phase of the study was to evaluate the effects of sodium-alginate hollow fibers 
on the laboratory performance of a Superpave asphalt mixtures. Two mechanical tests and a 
simulative test were conducted to characterize the performance of asphalt mixtures with and 
without fibers against intermediate-temperature cracking, permanent deformation, and low-
temperature cracking. 
The simulative test to characterize the rutting susceptibility of the evaluated mixtures showed 
that the addition of sodium-alginate fibers in the mixtures containing recycled materials resulted 
in an increase in the rut depth; yet, the mixtures performed better than the conventional mixture 
and satisfied the Louisiana specifications. Furthermore, the study showed that the mechanical 
properties against fracture at intermediate temperature of mixtures containing recycled materials 
were improved with the addition of the produced fibers; yet, conventional mixtures had a better 
fracture performance. The low-temperature cracking test results showed that the addition of 
fibers improved the loading capacity of mixtures containing recycled materials compared to the 
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conventional mixtures. Yet, the failure temperature of mixtures containing recycled materials 
with fibers did not show significant differences from the conventional mixtures.   
8.3.2.2 Effects of Sodium-Alginate Fibers on Rheological Properties of Asphalt Binders. The 
objective of the binder experiment was to evaluate the effects of adding sodium-alginate fibers to 
asphalt binder blends containing recycled materials. The rheological properties of the asphalt 
binder blends were evaluated by conducting a Performance grading, multiple stress creep 
recovery test and linear amplitude sweep test. In addition, the chemical composition of the 
prepared binder blends containing recycled materials and produced fibers were evaluated by 
conducting a high-pressure gel permeation chromatography and determining an aging index via 
Fourier transform infrared spectroscopy.  
The HP-GPC test results showed that the addition of fibers in blends containing recycled 
materials resulted in an increase in the HMW/LMW ratio. An improvement in the blending 
between aged and virgin binder in the blends were expected due to the release of the core 
material furring the blending process. Furthermore, the FTIR results showed that the addition of 
extracted binder from either RAS and/or RAP resulted in an increase in the ICO index. The 
addition of fibers in blends containing recycled material also resulted in an increase in the ICO, 
which suggests that the rejuvenating product facilitates the extraction of aged binder from the 
recycled materials and thus, increased the asphaltene content resulting in stiffer blends.  
With respect to the effects of the fibers on the rheological properties of asphalt binder, the 
rheological properties of the binder blends containing recycled materials and sodium-alginate 
fibers suggested that the fibers did not have a noticeable effect on the final PG grade. Also, 
MSCR test results showed that a binder blend with extracted binder from recycled materials and 
sodium-alginate fibers would have less rutting susceptibility than a conventional virgin binder 
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would. Lastly, LAS test results showed that the hollow fibers recovered some of the elastic 
behavior lost due to the addition of aged binder from RAS and/or RAP.  
8.4 Future Work 
The results of this project lead to future research opportunities, including: 
• Different rejuvenator products must be tested to determine the effect of each one on the 
rheological properties of aged binders.  
• Test different dosage rates to define an optimum ratio between weight of rejuvenator and 
weight of a binder.  
• Determine if the developed microcapsules and hollow-fibers are a cost-effective 
technique to use to increase the serviceability of asphalt pavement roads. 
• The overall environmental impact from cradle-to-grave of self-healing asphalt by 
encapsulated asphalt rejuvenator. 
• The use of a different core material to compare healing efficiencies. 
• It is recommended to test the developed fibers with other binder types and other RAP and 
RAS sources to evaluate their effects on the rheological properties of the binders and 
their enhancement of the mechanical and healing properties of the mixtures. 
• Future research study should evaluate the self-healing efficiency of the developed 
microcapsules and hollow-fibers in a full-scale asphalt pavement subjected to real traffic 
and environmental loadings. 
8.5 General Limitations 
Self-healing mechanisms, such as microcapsules or hollow-fibers, filled with an asphalt 
rejuvenator present an emerging technology that would enhance an asphalt mixture’s resistance 
 216 
to cracking damage caused by vehicular and environmental loading. However, the study results 
showed some limitations in order to incorporate the developed mechanisms in the asphalt 
industry. The enhancement in the mechanical properties, healing recovery and strength recovery 
observed in the asphalt mixtures with the addition of the developed self-healing mechanism are 
attached to the type of asphalt binders used in Louisiana based on the climatic conditions. It is 
recommended to evaluate the effect of adding the developed self-healing mechanisms in softer 
and stiffer binders to assess their effects in the rheological properties.  
In addition, it is expected that the effects in the mechanical properties, healing recovery and 
strength recovery observed in the asphalt mixtures with the addition of the developed self-
healing mechanism might varied by incorporating recycled materials (RAS, RAP or RAS/RAP) 
from other sources as the one utilized in the presented study. Also, additional mixture tests 
should be conducted in order to evaluate the performance of asphalt mixtures containing the 
developed self-healing mechanisms in climatic conditions different from Louisiana.   
Finally, it is recommended to determine the optimum fiber content based on a performance-
based characterization against common distresses such as rutting, fatigue cracking and low-
temperature cracking.  
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